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EXECUTIVE OFFICE OF THE PRESIDENT 

PRESIDENT'S COUNCIL OF ADVISORS ON SCIENCE AND TECHNOLOGY 

WASHINGTON, D.C. 20502 



President Barack Obama 
The White House 
Washington, D.C. 20502 

Dear Mr. President, 



We are pleased to present you with this report, Prepare and Inspire: K- 12 Science, Technology, Engineering, 
and Math (STEM) Education for America's Future, prepared for you by the President's Council of Advisors on 
Science and Technology (PCAST).This report provides a strategy for improving K-12 STEM education that 
responds to the tremendous challenges and historic opportunities facing the Nation. 

In preparing this report and its recommendations, PCAST assembled a Working Group of experts in cur- 
riculum development and implementation, school administration, teacher preparation and professional 
development, effective teaching, out-of-school activities, and educational technology. The report was 
strengthened by additional input from STEM education experts, STEM practitioners, publishers, private 
companies, educators, and Federal, state, and local education officials. In addition, PCAST worked with 
the Office of Management and Budget and the Science and Technology Policy Institute to analyze Federal 
programs in STEM education. 

As you will see, we envision a two-pronged strategy for transforming K-12 education. We must prepare 
students so they have a strong foundation in STEM subjects and are able to use this knowledge in their 
personal and professional lives. And we must inspire students so that all are motivated to study STEM sub- 
jects in school and many are excited about the prospect of having careers in STEM fields. But this report 
goes much further than that. It includes specific and practical recommendations that your Administration 
can take that would help bring this two-pronged strategy to fruition. These recommendations fall under 
five overarching priorities: (1 ) improve Federal coordination and leadership on STEM education; (2) sup- 
port the state-led movement to ensure that the Nation adopts a common baseline for what students 
learn in STEM; (3) cultivate, recruit, and reward STEM teachers that prepare and inspire students; (4) create 
STEM-related experiences that excite and interest students of all backgrounds; and (5) support states and 
school districts in their efforts to transform schools into vibrant STEM learning environments. 

We are confident that the report provides a workable, evidence-based roadmap for achieving the vision 
you have so boldly articulated for STEM education in America. We are grateful for the opportunity to serve 
you in this way and to provide our input on an issue of such critical importance to the Nation's future. 
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Prepare and Inspire: K-12 Science , Technology , Engineering, 
and Math (STEM) Education for Americas Future 

The success of the United States in the 21 st century — its wealth and welfare — will depend on the ideas 
and skills of its population. These have always been the Nation's most important assets. As the world 
becomes increasingly technological, the value of these national assets will be determined in no small 
measure by the effectiveness of science, technology, engineering, and mathematics (STEM) education 
in the United States. STEM education will determine whether the United States will remain a leader 
among nations and whether we will be able to solve immense challenges in such areas as energy, 
health, environmental protection, and national security. It will help produce the capable and flexible 
workforce needed to compete in a global marketplace. It will ensure our society continues to make 
fundamental discoveries and to advance our understanding of ourselves, our planet, and the universe. 
It will generate the scientists, technologists, engineers, and mathematicians who will create the new 
ideas, new products, and entirely new industries of the 21 st century. It will provide the technical skills 
and quantitative literacy needed for individuals to earn livable wages and make better decisions for 
themselves, their families, and their communities. And it will strengthen our democracy by preparing 
all citizens to make informed choices in an increasingly technological world. 

Throughout the 20 th century, the U.S. education system drove much of our Nation's economic growth 
and prosperity. The great expansion of high school education early in the century, followed by an 
unprecedented expansion of higher education, produced workers with high levels of technical skills, 
which supported the economy's prodigious growth and reduced economic inequality. At the same time, 
scientific progress became an increasingly important driver of innovation-based growth. Since the begin- 
ning of the 20 th century, average per capita income in the United States has grown more than sevenfold, 
and science and technology account for more than half of this growth. In the 21 st century, the country's 
need for a world-leading STEM workforce and a scientifically, mathematically, and technologically literate 
populace has become even greater, and it will continue to grow — particularly as other nations continue 
to make rapid advances in science and technology. In the words of President Obama, "We must educate 
our children to compete in an age where knowledge is capital, and the marketplace is global." 



Troubling signs 

Despite our historical record of achievement, the United States now lags behind other nations in 
STEM education at the elementary and secondary levels. International comparisons of our students' 
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performance in science and mathematics consistently place the United States in the middle of the pack 
or lower. On the National Assessment of Educational Progress, less than one-third of U.S. eighth graders 
show proficiency in mathematics and science. 

Moreover, there is a large interest and achievement gap among some groups in STEM, and African 
Americans, Hispanics, Native Americans, and women are seriously underrepresented in many STEM 
fields.This limits their participation in many well-paid, high-growth professions and deprives the Nation 
of the full benefit of their talents and perspectives. 

It is important to note that the problem is not just a lack of proficiency among American students; there 
is also a lack of interest in STEM fields among many students. Recent evidence suggests that many of 
the most proficient students, including minority students and women, have been gravitating away from 
science and engineering toward other professions. Even as the United States focuses on low-performing 
students, we must devote considerable attention and resources to all of our most high-achieving stu- 
dents from across all groups. 

What lies behind mediocre test scores and the pervasive lack of interest in STEM is also troubling. Some 
of the problem, to be sure, is attributable to schools that are failing systemically; this aspect of the 
problem must be addressed with systemic solutions. Yet even schools that are generally successful often 
fall short in STEM fields. Schools often lack teachers who know how to teach science and mathematics 
effectively — and who know and love their subject well enough to inspire their students. Teachers lack 
adequate support, including appropriate professional development as well as interesting and intrigu- 
ing curricula. School systems lack tools for assessing progress and rewarding success. The Nation lacks 
clear, shared standards for science and math that would help all actors in the system set and achieve 
goals. As a result, too many American students conclude early in their education that STEM subjects are 
boring, too difficult, or unwelcoming, leaving them ill-prepared to meet the challenges that will face 
their generation, their country, and the world. 



National Assets and Recent Progress 

Despite these troubling signs, the Nation has great strengths on which it can draw. 

First, the United States has the most vibrant and productive STEM community in the world, extending 
from our colleges and universities to our start-up and large companies to our science-rich institu- 
tions such as museums and science centers. The approximately 20 million people in the United States 
who have degrees in STEM- or healthcare-related fields can potentially be a tremendous asset to U.S. 
education. 

Second, a growing body of research has illuminated how children learn about STEM, making it possible 
to devise more effective instructional materials and teaching strategies.The National Research Council 
and other organizations have summarized this research in a number of influential reports and have 
drawn on it to make recommendations concerning the teaching of mathematics and science. These 
reports transcend tired debates about conceptual understanding versus factual recall versus procedural 
fluency. They emphasize that students learning science and mathematics need to acquire all of these 
capabilities, because they support each other. 
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Third, a clear bipartisan consensus has emerged on the need for education reform in general and the 
importance of STEM education in particular. The 2002 reauthorization of the Elementary and Secondary 
Education Act, renamed the No Child Left Behind Act, established the importance of collecting data 
annually about students'and schools' progress in mathematics and reading and tied Federal education 
funding to progress.The Congress is currently working on reauthorization of this law, with modifications 
to improve it. 

The Obama administration has made education reform one of its highest priorities. The American 
Recovery and Reinvestment Act of 2009 established four broad "assurances" to improve the K-12 
education system, and the administration has worked to fulfill these assurances through competitive 
grant-making. A historic, state-led initiative — led by the National Governors Association and the Council 
of Chief State School Officers — emerged in 2008 to forge clear, consistent, and higher standards for 
mathematics and English language arts education in grades K-1 2 that can be shared across states.These 
standards were recently released, and, as of the publication date of this report, 36 states and the District 
of Columbia had adopted them. There is also considerable interest in the adoption of similar standards 
for science, which will be essential for improving STEM education. 



Purpose of this Report 

In the fall of 2009, the President asked his President's Council of Advisors on Science and Technology 
(PCAST) to develop specific recommendations concerning the most important actions that the adminis- 
tration should take to ensure that the United States is a leader in STEM education in the coming decades. 
In responding to this charge, PCAST decided to focus initially on the K-12 level. (A subsequent report 
will address STEM education at community colleges, four-year colleges, and universities.) 

There have been a number of important reports related to STEM education over the past two decades, 
including landmark reports that have called attention to the problem, reviews of the research literature, 
and recommendations concerning principles and priorities. Our goal is not to redo the work of these 
excellent reports — indeed, we have relied heavily on their research and findings. Rather, the purpose of 
this PCAST report is instead to translate these ideas into a coherent program of Federal action to support 
STEM education in the United States that responds to current opportunities. 

The report examines the national goals and necessary strategies for successful STEM education. We 
examine the history of Federal support for STEM education and consider actions that the Federal 
Government should take with respect to improving leadership and coordination. Subsequent chapters 
discuss Standards and Assessments, Teachers, Technology, Students, and Schools. 

Many of the recommendations in this report can be carried out with existing Federal funding. Some of 
the recommendations could be funded in part through existing programs, although new authorities 
may be required in certain cases. Depending on these choices, the new funding required to fully fund 
the recommendations could reach up to approximately $1 billion per year. This would correspond to the 
equivalent of roughly $20 per K-12 public school student; or 2 percent of the total Federal spending of 
approximately $47 billion on K-1 2 education; or 0.1 7 percent of the Nation's total spending of approxi- 
mately $593 billion on K-12 education. Not all of this funding must come from the Federal budget. We 
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believe that some of the funding can come from private foundations and corporations, as well as from 
states and districts. 



Key Conclusions and Recommendations 

While the report discusses a range of conclusions and recommendations, we have sought to identify the 
most critical priorities for rapid action. Below, we summarize our two main conclusions and our seven 
highest priority recommendations. 

All of these recommendations are directed at the Federal Government, and in particular we focus our 
attention on actions to be taken by the Department of Education and the National Science Foundation 
as the lead Federal agencies for STEM education initiatives in K-1 2. 

Achieving the Nation's goals for STEM education in K-1 2 will require partnerships with state and local 
government and with the private and philanthropic sectors. The Federal Government must actively 
engage with each of these partners, who must in turn fulfill their own distinctive roles and responsi- 
bilities. In this context, we are encouraged by the state-led collaborative efforts and by the creation of 
private groups, such as the recently formed coalition, Change the Equation. 



CONCLUSIONS 

TO IMPROVE STEM EDUCATION, WE MUST FOCUS ON BOTH PREPARATION AND INSPIRATION 

To meet our needs for a STEM-capable citizenry, a STEM-proficient workforce, and future STEM experts, the 
Nation must focus on two complementary goals: We must prepare all students, including girls and minori- 
ties who are underrepresented in these fields, to be proficient in STEM subjects. And we must inspire all 
students to learn STEM and, in the process, motivate many of them to pursue STEM careers. 

THE FEDERAL GOVERNMENT HAS HISTORICALLY LACKED A COHERENT STRATEGY AND SUFFICIENT 
LEADERSHIP CAPACITY FOR K-1 2 STEM EDUCATION 

Over the past few decades, a diversity of Federal projects and approaches to K-1 2 STEM education across 
multiple agencies appears to have emerged largely without a coherent vision and without careful over- 
sight of goals and outcomes. In addition, relatively little Federal funding has historically been targeted 
toward catalytic efforts with the potential to transform STEM education, too little attention has been paid 
to replication and scale-up to disseminate proven programs widely, and too little capacity at key agencies 
has been devoted to strategy and coordination. 

RECOMMENDATIONS 

1 . STANDARDS: SUPPORTTHE CURRENT STATE-LED MOVEMENT FOR SHARED STANDARDS IN 
MATH AND SCIENCE 

The Federal Government should vigorously support the state-led effort to develop common standards 
in STEM subjects, by providing financial and technical support to states for (i) rigorous, high-quality 
professional development aligned with shared standards, and (ii) the development, evaluation, admin- 
istration, and ongoing improvement of assessments aligned to those standards. 
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The standards and assessments should reflect the mix of factual knowledge, conceptual understanding, 
procedural skills, and habits of thought described in recent studies by the National Research Council. 

2. TEACHERS: RECRUIT AND TRAIN 1 00,000 GREAT STEM TEACHERS OVERTHE NEXT DECADE WHO 
ARE ABLE TO PREPARE AND INSPIRE STUDENTS 

The most important factor in ensuring excellence is great STEM teachers, with both deep content 
knowledge in STEM subjects and mastery of the pedagogical skills required to teach these subjects well. 

The Federal Government should seta goal of ensuring over the next decade the recruitment, prepara- 
tion, and induction support of at least 100,000 new STEM middle and high school teachers who have 
strong majors in STEM fields and strong content-specific pedagogical preparation, by providing vigor- 
ous support for programs designed to produce such teachers. 

3. TEACHERS: RECOGNIZE AND REWARD THE TOP 5 PERCENT OF THE NATION'S STEM TEACHERS, BY 
CREATING A STEM MASTER TEACHERS CORPS 

Attracting and retaining great STEM teachers requires recognizing and rewarding excellence. 

The Federal Government should support the creation of a national STEM Master Teachers Corps that 
recognizes, rewards, and engages the best STEM teachers and elevates the status of the profession. 

It should recognize the top 5 percent of all STEM teachers in the Nation, and Corps members should 
receive significant salary supplements as well as funds to support activities in their schools and districts. 

4. EDUCATIONAL TECHNOLOGY: USE TECHNOLOGY TO DRIVE INNOVATION, BY CREATING AN 
ADVANCED RESEARCH PROJECTS AGENCY FOR EDUCATION 

Information and computation technology can be a powerful driving force for innovation in education, 
by improving the quality of instructional materials available to teachers and students, aiding in the 
development of high-quality assessments that capture student learning, and accelerating the collection 
and use of data to provide rich feedback to students, teachers, and schools. Moreover, technology has 
been advancing rapidly to the point that it can soon play a transformative role in education. 

Realizing the benefits of technology for K-1 2 education, however, will require active investments in 
research and development to create broadly useful technology platforms and well-designed and 
validated examples of comprehensive, integrated "deeply digital" instructional materials. 

The Federal Government should create a mission-driven, advanced research projects agency for educa- 
tion (ARPA-ED) housed either in the Department of Education, in the National Science Foundation, or as 
a joint entity. It should have a mission-driven culture, visionary leadership, and draw on the strengths of 
both agencies. ARPA-ED should propel and support (i) the development of innovative technologies and 
technology platforms for learning, teaching, and assessment across all subjects and ages, and (ii) the 
development of effective, integrated, whole-course materials for STEM education. 

5. STUDENTS: CREATE OPPORTUNITIES FOR INSPIRATION THROUGH INDIVIDUAL AND GROUP 
EXPERIENCES OUTSIDE THE CLASSROOM 

STEM education is most successful when students develop personal connections with the ideas and 
excitement of STEM fields. This can occur not only in the classroom but also through individualized and 
group experiences outside the classroom and through advanced courses. 
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The Federal Government should develop a coordinated initiative, which we call INSPIRE, to support 
the development of a wide range of high-quality STEM-based after-school and extended day activities 
(such as STEM contests, fabrication laboratories, summer and afterschool programs, and similar activi- 
ties). The program should span disparate efforts of science mission agencies and after-school programs 
supported through the Department of Education funding. 

6. SCHOOLS: CREATE 1,000 NEW STEM-FOCUSED SCHOOLS OVERTHE NEXT DECADE 

STEM-focused schools represent a unique National resource, both through their direct impact on stu- 
dents and as laboratories for experimenting with innovative approaches. The Nation currently has only 
about 1 00 STEM-focused schools, concentrated at the high school level. 

The Federal Government should promote the creation of at least 200 new highly-STEM-focused high 
schools and 800 STEM-focused elementary and middle schools over the next decade, including many 
serving minority and high-poverty communities. In addition, the Federal Government should take steps 
to ensure that all schools and schools systems have access to relevant STEM-expertise. 

7. ENSURE STRONG AND STRATEGIC NATIONAL LEADERSHIP 

Stronger leadership, coherent strategy and greater coordination are essential to support innovation 
in K-12 STEM education. Toward this end, the Federal Government should (i) create new mechanisms, 
with substantially increased capacity, to provide leadership within each of the Department of Education 
and the National Science Foundation; (ii) establish a high-level partnership between these agencies; 

(iii) establish a standing Committee on STEM Education within the National Science andTechnology 
Council responsible for creating a Federal STEM education strategy; and (iv) establish an independent 
Presidential Commission on STEM Education, in conjunction with the National Governors Association, 
to promote and monitor progress toward improving STEM education. 



PCAST believes that the Nation has an urgent need — but also, thanks to recent developments, an 
unprecedented opportunity — to bring together stakeholders at all levels to transform STEM education 
to lay the groundwork for a new century of American progress and prosperity. 
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I. Introduction and Charge 



CHAPTER SUMMARY 

The Nation's future depends on our ability to educate today's students in science, technology, engineer- 
ing, and mathematics (STEM). Despite the fact that many U.S. students excel in STEM, U.S. students as a 
whole perform poorly on international comparisons of mathematical and scientific proficiency. There are 
wide disparities in STEM achievement among groups, and too many students think of STEM subjects as 
too difficult or uninviting. Nevertheless, the Nation can draw on key strengths to address these challenges, 
including a large and vibrant community of STEM professionals, new understandings of how children 
learn, a bipartisan consensus about the importance of STEM education, and state-led movements toward 
agreement on what students should learn in STEM. We must seize this historic moment by making changes 
and investments to educate all students for a future in which science and technology will play a critical role 
in the lives of individuals and the prospects of nations. 



Introduction 

The success of the United States in the 21 st century — its wealth and welfare — will depend on the ideas 
and skills of its population. These have always been the Nation's most important assets. As the world 
becomes increasingly technological, the value of these national assets will be determined in no small 
measure by the effectiveness of science, technology, engineering, and mathematics (STEM) education 
in the United States. 

STEM education will determine whether the United States will remain a leader among nations and 
whether we will be able to solve immense challenges in such areas as energy, health, environmental 
protection, and national security. It will help produce the capable and flexible workforce needed to 
compete in a global marketplace. It will ensure our society continues to make fundamental discover- 
ies and to advance our understanding of ourselves, our planet, and the universe. It will generate the 
scientists, technologists, engineers, and mathematicians who will create the new ideas, new products, 
and entirely new industries of the 21 st century. It will provide the technical skills and quantitative literacy 
needed for individuals to earn livable wages and make better decisions for themselves, their families, 
and their communities. And it will strengthen our democracy by preparing all citizens to make informed 
choices in an increasingly technological world. Given its importance, STEM education must prepare and 
engage all students no matter their gender, race, or background. 

Throughout the 20 th century, the U.S. education system drove much of our Nation's economic growth 
and prosperity. 1 The great expansion of high school education early in the century, followed by an 
unprecedented expansion of higher education, produced workers with high levels of technical skills, 
which supported the economy's prodigious growth and reduced economic inequality. At the same 
time, scientific progress became an increasingly important driver of innovation-based growth. 2 Since 

’• Claudia Golden and Lawrence F. Katz. (2010). The Race Between Education and Technology. Cambridge, MA: 

Harvard University Press. 

2 ' Organisation for Economic Co-operation and Development. (2000). Science, Technology and Innovation in the New 
Economy. Washington, DC: OECD. 
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the beginning of the 20th century, average per capita income in the United States has grown more than 
sevenfold, 3 and science and technology account for more than half of this growth. 4 The fastest growing 
occupations in the United States are in healthcare and social assistance and professional, scientific, and 
technical services. 5 Inventions in which America played a central role, such as the airplane, the television, 
the computer, the Internet, and biotechnology, have changed the world. 

In the 21 st century, the country's need for a world-leading STEM workforce and a scientifically, math- 
ematically, and technologically literate populace has become even greater, and it will continue to grow - 
particularly as other nations continue to make rapid advances in science and technology. In the words 
of President Obama, "We must educate our children to compete in an age where knowledge is capital, 
and the marketplace is global."STEM education is essential to our economic competitiveness and our 
national, health, and environmental security. It is also our obligation to empower future generations 
with the tools and knowledge they will need to seize the opportunities and solve the global problems 
that they will inherit. STEM education is critical to the Nation's roles and responsibilities in the world, 
including our ability to play a role in international development. 



Troubling Signs 

Despite our historical record of achievement, the United States now lags behind other nations in STEM 
education at the elementary and secondary levels. Over the past several decades, a variety of indicators 
have made clear that we are failing to educate many of our young people to compete in an increasingly 
high-tech global economy and to contribute to national goals. 

International comparisons of our students' performance in science and mathematics place the United 
States in the middle of the pack or lower. The Trends in International Mathematics and Science Study 
(TIMSS) puts U.S. fourth graders and eighth graders about average among industrialized and rapidly 
industrializing countries. 6 However, U.S. students in fourth, eighth, and twelfth grades drop progressively 
lower on international comparisons of science and mathematics ability as their grade level increases. 
Also, in the Programme for International Student Assessment (PISA), which measures students'ability to 
apply what they have learned in science and technology and has been designed to assess the kinds of 
skills needed in today's workplace, U.S. 1 5-year-olds scored below most other nations tested in 2006, and 
the U.S. standing dropped from 2000 to 2006 in both math and science. 7 On the National Assessment of 
Educational Progress (NAEP), less than one-third of U.S. eighth graders show proficiency in mathematics 
and science, and science test scores have improved very little over the past few decades. This is notan 
acceptable standard of achievement for our Nation. 

This inadequate preparation in STEM subjects has major consequences in higher education. Only about a 
third of bachelor's degrees earned in the United States are in a STEM field, compared with approximately 

3 ' U.S. Council of Economic Advisors. (2000). Economic Report to the President, 2000. Washington, DC: U.S. 
Government Printing Office. 

4 ' Elhanan Helpman. (2004). The Mystery of Economic Growth. Cambridge, MA: Harvard University Press. 

5 ' Bureau of Labor Statistics. (2009). Occupational Outlook Handbook, 2010-1 1, Bulletin 2800. Washington, DC: U.S. 
Department of Labor. Accessible at http://www.bls.gov/oco/oco2003.htm. 

6 ' Patrick Gonzales, Trevor Williams, Leslie Jocelyn, Stephen Roey, David Kastberg, and Summer Brenwald. (2009). 
Highlights from TIMSS 2007: Mathematics and Science Achievement of U.S. Fourth- and Eighth-Graders in an International 
Context. Washington, DC: U.S. Department of Education. 

7l National Science Board. (2010). Science and Engineering Indicators: 2010. Arlington, VA: National Science 
Foundation. Accessible at http://www.nsf.gov/statistics/seind10/start.htm. 
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53 percent of first university degrees earned in China, and 63 percent of those earned in Japan. 8 More 
than half of the science and engineering graduate students in U.S. universities are from outside the 
United States. It is good for the Nation that our universities are a beacon to the world's best students: 
many of these students stay and contribute to the growth of our economy, while others return home 
with knowledge of and ties to this country. But it is troubling that the proportion of Americans interested 
in such graduate study is so low. 

Moreover, there is a large interest and achievement gap in the United States in STEM. As a result, African 
Americans, Hispanics, Native Americans, and women are seriously underrepresented in many STEM 
fields, which limits their participation in many well-paid, high-growth professions. The underrepresen- 
tation of minority groups and women in STEM denies the Nation the full benefit of their talents and 
denies science and engineering the rich diversity of perspectives and inspiration that drive those fields. 
Diversity is essential to producing scientific innovation, and we cannot solve the STEM crisis the country 
faces without improving STEM achievement across gender and ethnic groups. 9 Moreover, all students 
deserve the opportunity to experience the exciting and inspiring aspects of STEM. 

It is important to note that the problem is not just a lack of proficiency among American students; there 
is also a lack of interest in STEM fields among many students. The United States has historically benefited 
when talented and high-achieving students have entered STEM fields. But recent evidence suggests 
that many of these students, including minority students and women, have been gravitating awayfrom 
science and engineering toward other professions. 10 A gender gap persists not in STEM aptitude but 
in interest: Although girls earn high school mathematics and science credits at the same rate as boys, 
and earn slightly higher grades in those classes, 11 they choose STEM majors in college at a much lower 
rate than boys. 12 Girls who are high achievers in mathematics in the United States are concentrated at a 
small number of high schools, which suggests that most girls with high ability to excel in the field are not 
doing so. 13 Even as the United States focuses on low-performing students, we must devote considerable 
attention and resources to all of our most high-achieving and high-ability students from across all groups. 

There are some bright spots with respect to student performance and interest in STEM subjects. Math 
test scores at the fourth and eighth grade levels have increased over the past two decades, 14 at least in 
part due to higher standards and greater accountability. On theTIMSS exam, the United States' stand- 

8 ' Ibid, Chapter 2. 

9 ' Ibid, Chapter 1. 

m B. Lindsay Lowell, Hal Salzman, Hamutal Bernstein, and Everett Henderson. (2009). Steady as She Goes: 

Three Generations of Students through the Science and Engineering Pipeline. Paper presented at the Annual Meeting 
of the Association for Public Policy Analysis and Management, Washington, DC, November 5-7. Accessible at 
http://policy.rutgers.edu/faculty/salzman/SteadyAsSheGoes.pdf. 

AAUW. (201 0). Why So Few? Women in Science, Technology, Engineering, and Mathematics. By Catherine Hill, 
Christianne Corbett Andresse St. Rose. Washington, DC: AAUW. 

lz National Science Foundation. (2009). Women, Minorities, and Persons with Disabilities in Science and Engineering: 
2009. Arlington, VA: National Science Foundation. Accessible at http://www.nsf.gov/statistics/wmpd. 

13 ' G. Ellison and A. Swanson. (2010). The Gender Gap in Secondary School Mathematics at High Achievement 
Levels: Evidence from the American Mathematics Competitions. Journal of Economic Perspectives 24(2):1 09—28. 

14 National Science Board. (2010). Science and Engineering Indicators: 2010. Arlington, VA: National Science 
Foundation. Accessible at http://www.nsf.gov/statistics/seind10/start.htm. On the NAEP for mathematics, the average 
fourth grade score rose from 21 3 to 240 between 1 990 and 2007. For eighth graders, the average score rose from 263 
to 281. The most recent NAEP results, however, show that student gains at the fourth grade level did not continue from 
2007 to 2009. 
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ing among comparison nations rose slightly from 1 995 to 2007 in mathematics (but not in science). 
Some of the achievement gaps between groups of students have narrowed. For example, Hispanic and 
African American students increased their mathematical performance between 2000 and 2007 and 
narrowed the gap with white students. 15 Some individual states also perform at relatively high levels. In 
Massachusetts, fourth graders score behind only two jurisdictions in math (Hong Kong and Singapore) 
and behind only one jurisdiction in science (Singapore). 16 In Minnesota, the scores are only slightly lower. 
There are hints that participation in some STEM courses has increased; since the late 1 980s, the propor- 
tion of public high school seniors who graduate having taken at least one physics course has risen from 
less than 20 percent to 37 percent. 17 These results demonstrate that positive movement is possible, but 
progress has been slow and often slight, and it is not sufficient to get all U.S. students — regardless of 
where they live — to where they need to be. 

What lies behind our mediocre test scores and lack of interest is also troubling. Some of the problem, 
to be sure, is attributable to schools that are failing systemically; this aspect of the problem must be 
addressed with systemic solutions. Yet even schools that are generally successful often fall short in STEM 
fields. Schools often lack teachers who know how to teach science and mathematics effectively, and 
who know and love their subject well enough to inspire their students. Teachers lack adequate support, 
including appropriate professional development as well as interesting and intriguing curricula. School 
systems lack tools for assessing progress and rewarding success.The Nation lacks clear, shared standards 
for STEM subjects that would help all actors in the system set and achieve goals. As a result, too many 
American students conclude early in their education that STEM subjects are boring, too difficult, or 
unwelcoming, leaving them ill-prepared to meet the challenges that will face their generation, their 
country, and the world. 



National Assets and Recent Progress 

To meet these challenges, the United States has great strengths on which it can draw, including the 
world's leading community of scientists, technologists, engineers, and mathematicians. In addition, 
important progress has recently been made in understanding how to improve STEM education and in 
developing a national consensus about how best to move forward. 

1. The U.S. STEM Professional Comm unity. The United States has the most vibrant and produc- 
tive STEM community in the world, extending from our colleges and universities to our start-up 
and large companies to our science-rich institutions such as museums and science centers. U.S. 
colleges and universities continue to attract many of the world's brightest and most dedicated 
students. Many of these foreign students join the U.S. workforce and make major contributions 
to our Nation's economy and culture. Since the 1 950s, Americans have won more Nobel Prizes 

15, National Science Board. (2010). Science and Engineering Indicators: 2010. Arlington, VA: National Science 
Foundation. Accessible at http://www.nsf.gov/statistics/seind10/start.htm.The average score gap between black and 
white fourth graders shrank from 32 to 26 scale points between 1990 and 2007, and the average gap decreased from 
2000 to 2007 between black and white eighth graders after increasing between 1 990 and 2000. 

16 ' National Science Board. (2010). Science and Engineering Indicators: 201 0. Arlington, VA: National Science 
Foundation. Accessible at http://www.nsf.gov/statistics/seind10/start.htm. 

17 American Institute of Physics Statistical Research Center. (2010). High School Physics Courses and Enrollment. White 
Paper, August 2010, by Susan White and Casey LangerTesfaye. Melville, NY: American Institute of Physics. 
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in science than scientists of any other nationality (though this is a lagging indicator, reflecting 
past accomplishments rather than current educational excellence). 

The approximately 20 million people in the United States who have degrees in STEM fields 
or healthcare can potentially be a tremendous asset to U.S. education. 18 The leadership of the 
STEM community is engaged in policy discussions and is eager to improve STEM education. 
Moreover, a great many scientists and engineers would be willing to contribute to improving 
STEM education, both in school and out of school, if an efficient and effective way for them to 
do so could be put in place. In particular, since scientists and engineers are already well versed in 
the use of information technologies, web-based mechanisms that facilitate such contributions 
should be maximized. 

2. Research Progress. Agrowing body of research in recent decades has illuminated how children 
learn about science, math, and technology, which is making it possible to devise more effective 
instructional materials and teaching strategies.This progress has been summarized in influential 
reports by the National Research Council and other organizations. 19 - 20 For example, studies have 
pointed toward the effectiveness of"active learning," which occurs when children are interact- 
ing with teachers, classmates, and environments or undertaking projects rather than passively 
taking in whatever a teacher tells them. Research also suggests that trying to cover too many 
topics in a curriculum with too little in-depth study can impair conceptual understanding. 21 22 23 
Research on "learning progressions" — which describe the hierarchical understandings children 
obtain in science and mathematics — also has made considerable progress; it points toward the 
concepts that all children must acquire and highlights common difficulties students face that 
hinder learning. 24 Studies have also emerged showing that learning occurs everywhere and 
that a learner's waking hours outside of school can be critically important to STEM learning 
and interest. 25 

Furthermore, studies suggest that achieving expertise is less a matter of innate talent than of 
having the opportunity and motivation to dedicate oneself to the study of a subject in a pro- 
ductive, intellectual way — and for sufficient time — to enable the brain development needed 
to think like a scientist, mathematician, or engineer. This has important implications for STEM 



18 ' Deborah D. Stine and Christine M. Matthews. (2009). The U.S. Science and Technology Workforce. Washington, DC: 
Congressional Research Service. 

19 ' National Research Council. (2005). How Students Learn: History, Mathematics, and Science in the Classroom. 
Washington, DC: National Academies Press. 

20, National Research Council. (2007). Taking Science to School. Washington, DC: National Academies Press. 

21 ' Ibid. 

22, National Research Council. (2001 ). Adding It Up: Helping Children Learn Mathematics. Washington, DC: National 
Academies Press. 

23 ' W. H. Schmidt, Curtis C. McKnight, and S. Raizen (Eds.). (1 997). A Splintered Vision: An Investigation of U.S. Science 
and Mathematics Education. Boston: Kluwer. 

24 ' Project 2061. (2001). Atlas of Science Literacy, Volume I. Washington, DC: AAAS Press. 

25 - National Research Council. (2009). Learning Science in Informal Environments: People, Places and Pursuits. 
Washington, DC: National Academies Press. 
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education; it underscores the need to motivate students for long-term study of STEM, and points 
to the potential for many more students to excel in STEM. 26 22 28 

Put together, this body of evidence suggests that grade-school children do not think as simplisti- 
cally about STEM subjects as conventional curricula assume.They are capable of grasping both 
concrete examples and abstract concepts at remarkably early ages. Conventional approaches 
to teaching science and math have sometimes been shaped by misconceptions about what 
children cannot learn rather than focusing on students' innate curiosity, reasoning skills, and 
intimate observations of the natural world. STEM educators and standard-setters can now 
draw on such knowledge to design curricula that are age-appropriate and engage students in 
observing the world, testing what they find against what they expect, and teaching each other. 

The National Research Council has drawn on this research to make recommendations concern- 
ing the teaching of mathematics 29 and science. 30 These reports transcend the tired debates 
about conceptual understanding versus factual recall versus procedural fluency. They emphasize 
that students learning science and mathematics need to master all of these capabilities, because 
they support each other. Math education should, for example, demonstrate both the beauty 
of mathematics (with opportunities to discover patterns and solve complex problems) and the 
utility of mathematics and of computational tools and methods in science, technology, and 
engineering. Accomplishing this will require teachers who understand mathematics well and 
have instructional materials able to accomplish these goals. 

Similarly, an engaging and effective science education goes well beyond the low-level factual 
recall that is emphasized in many science classes. It must develop the skills that students need 
to solve complex problems, work in teams, make and recognize evidence-based arguments, and 
interpret and communicate complex information. These studies also support the importance 
of ensuring that curricula are not so crowded with topics as to drive out conceptual thinking. A 
clear consensus in the STEM community now surrounds these goals for science education, which 
can form the basis for policy decisions. In addition, many of the same principles are applicable 
to education in technology and engineering subject areas. 

3. Political Progress. One of the most important developments of recent years has been the 
emergence of a clear bipartisan consensus on the need for education reform in general and the 
importance of STEM education in particular. In 2002 the reauthorization of the Elementary and 
Secondary Education Act (ESEA), renamed the No Child Left Behind (NCLB) Act, established the 
importance of: (1 ) collecting data annually about students'and schools'progress in mathemat- 
ics and reading and (2) tying Federal education funding in some measure to progress. Passed 

26, K. A. Ericsson. (2006). The Influence of Experience and Deliberate Practice on the Development of Superior 
Expert Performance. In K. A. Ericsson, N. Charness, P. Feltovich, and R. R. Hoffman (Eds.). Cambridge Handbook of Expertise 
and Expert Performance, pp. 685-706. Cambridge, UK: Cambridge University Press. 

27 ' K. A. Ericsson and P. Ward. (2007). Capturing the Naturally Occurring Superior Performance of Experts in the 
Laboratory: Toward a Science of Expert and Exceptional Performance. Current Directions in Psychological Science 16:346- 
350. 

28 ' Bogdan Draganski, Christian Gaser, Gerd Kempermann, H. Georg Kuhn, Jurgen Winkler, Christian Btichel, and 
Arne May. 2006. Temporal and Spatial Dynamics of Brain Structure Changes during Extensive Learning. The Journal of 
Neuroscience 26(23): 6314-6317. 

29 ' National Research Council. (2001). Adding It Up: Helping Children Learn Mafbemaf/cs. Washington, DC: National 
Academies Press. 

30 ' National Research Council. (2007). Taking Science to School: Learning and Teaching Science in Grades K-8. 
Washington, DC: National Academies Press. 
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by a large bipartisan majority in both the House and Senate, NCLB helped to shed light on the 
achievement gap and establish the principles of annual assessment and accountability. Most 
observers now agree that changes should be made to improve the legislation. Some have 
expressed concerns that the law had unintended consequences, including creating incentives 
for states to adopt low standards in order to ensure Federal funding, to emphasize drills at the 
expense of understanding, and to focus so heavily on math and reading that other subjects, 
including science, have received less attention. Congress is currently working on reauthorization 
of this important law, with modifications to improve it. 

The Obama administration has sought to build on past achievements while spurring additional 
progress. The American Recovery and Reinvestment Act of 2009 established four broad "assur- 
ances" to improve the K-1 2 education system: (1 ) improving teacher and principal effectiveness; 
(2) providing information to families, educators, and researchers to improve students' schools 
and learning; (3) implementing college- and career-ready standards and developing improved 
assessments aligned with those standards; and (4) improving student learning and achieve- 
ment in America's lowest-performing schools through intensive and effective interventions. 
The administration's Blueprint for Reform lays out a plan to realize these assurances through 
reauthorization of the ESEAand by re-envisioning the Federal role in K-1 2 education. 31 The 
administration has worked to fulfill these assurances through competitive grant-making. 

An important and encouraging advance has been the work since 2008 of a state-led initia- 
tive to forge clear, consistent, and higher standards for mathematics and English language 
arts education in grades K-1 2 that can be shared across states. 32 This effort is being led by the 
National Governors Association and the Council of Chief State School Officers, with support 
and input from a variety of educational and business organizations. Common mathematics 
standards were released in June 2010, reflecting an unprecedented degree of cooperation on 
K-1 2 mathematics education. As of this report's publication in September 2010, 36 states and 
the District of Columbia had adopted the common core standards in mathematics and English 
language arts. There is also considerable interest in the adoption of similar standards for science. 
In July 2010, the National Research Council released for public comment its draft framework 
to guide the development of new standards for K-1 2 science education, and a final version will 
be published in early 201 1 . The organization Achieve, Inc., will work with a group of states to 
develop standards for K-1 2 science aligned to this framework by the end of 201 2. 33 

3,1 U.S. Department of Education. (2010). A Blueprint for Reform: The Reauthorization of the Elementary and Secondary 
Education Act. Washington, DC: U.S. Department of Education. 

32, For more information, see http://www.corestandards.org. 

33 ' Although the formulation of standards for K-1 2 education in technology-related subject areas has not yet 
reached the same level of maturity, organizations such as the National Academy of Engineering, the National Science 
Foundation, the Association for Computing Machinery, the College Board, and the Computer Science Teachers 
Association have begun to lay the foundation for such standards and for the curricular material on which they might 
ultimately be based. [For more information, see: National Academy of Engineering. (2009). Engineering in K-1 2 Education: 
Understanding the Status and Improving the Prospects. Washington, DC: National Academies Press; National Science 
Foundation. (2009). Using Computational Thinking to Model a New Course. Award Number 0938336. Accessible at 
http://www.nsf.gov/awardsearch/showAward. do?AwardNumber=0938336; Association for Computing Machinery. 

(2006). A Model Curriculum for K-1 2 Computer Science: Final Report of the ACM K-1 2 Task Force, Second Edition. New York: 
Association for Computing Machinery; College Board. (2010). AP Computer Science: Principles — Course Annotations. New 
York: College Board; Computer Science Teachers Association. (2005). The New Educational Imperative: Improving High 
School Computer Science Education. New York: Association for Computing Machinery.] 
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While it is still uncertain whether the new science standards will be incorporated into existing 
common standards efforts, the implementation of common standards in both mathematics 
and science will be tremendously important. While elementary and secondary education in the 
United States is primarily a state responsibility, standards in mathematics, science, technology, 
and engineering that are widely shared among the states would serve both the states and the 
Nation. They would allow cross-state comparisons to guide improvements in education systems. 
They would drive more focused, coherent programs to prepare and support teachers. They 
would create larger markets for new and more effective instructional materials and technolo- 
gies, along with high-quality assessments that measure all the important aspects of science 
learning. And they would reflect the reality that U.S. students will compete for jobs and work in 
a national and international economy driven by advances in technology. 



Purpose of this Report 

Within the overall context of education reform in the Obama administration, STEM education plays an 
essential role. President Obama underscored the importance of STEM education in his speech to the 
National Academy of Sciences in April 2009, saying that the United States needs to move its students 
"from the middle to the top of the pack in science and math over the next decade." He also asked 
the STEM community to use "love and knowledge of science to spark the same sense of wonder and 
excitement in a new generation." In launching the Educate to Innovate campaign in November 2009, he 
spoke of "strengthening America's role as the world's engine of scientific discovery and technological 
innovation"and declared "the improvement of STEM education over the next decade a national priority." 

In the fall of 2009, the President asked his President's Council of Advisors on Science and Technology 
(PCAST) to develop specific recommendations concerning the most important actions that the adminis- 
tration should take to ensure that the United States is a leader in STEM education in the coming decades. 
In responding to this charge, PCAST decided to focus initially on the K-12 level. A subsequent report will 
address STEM education at community colleges, four-year colleges, and universities. (Box 1-1 defines 
the scope of STEM education at the K-1 2 level, as used in this report.) 

At its October 2009 meeting, PCAST met with Secretary of Education Arne Duncan, who described 
the administration's initiatives and future plans in education. PCAST also heard presentations on STEM 
education from representatives of the Office of Management and Budget, the Department of Defense, 
the National Science Foundation, the National Aeronautics and Space Administration, the Department 
of Energy, and the National Institutes of Health. In addition, speakers representing higher education, 
the private sector, state governments, and nonprofit organizations presented additional perspective 
on STEM education. PCAST's Subcommittee on STEM Education, chaired by Eric Lander and S. James 
Gates, then convened a preliminary meeting of leaders and innovators in education in December 2009 
to gather information and help formulate key questions. In January 201 0, PCAST appointed a Working 
Group on STEM Education containing, in addition to the members of the PCAST subcommittee, experts 
in curriculum development and implementation, teacher preparation and professional development, 
effective teaching, out-of-school activities, educational technology, and school administration. The 
group met weekly by teleconference and held a two-day meeting in Washington, DC, in April 201 0. 
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The Working Group received valuable input from Federal, state, and local officials, STEM education 
experts, STEM practitioners, publishers, and other experts. In addition, PCAST worked with the Office of 
Management and Budget and the Science and Technology Policy Institute to analyze Federal programs 
in STEM education. Drawing on all of this input, PCAST prepared this report beginning in May 2010. 

There have been a number of important reports related to STEM education over the past two decades, 
including landmark reports that have called attention to the problem, reviews of the research literature, 
and recommendations concerning principles and priorities (see Box 1 -2). Our goal is not to redo the 
work of these excellent reports — indeed, we have relied heavily on their research and findings. 

The purpose of this PCAST report is instead to translate these ideas into a coherent program of Federal 
action to support STEM education in the United States. Here, we propose to the President and his 
administration specific goals and actionable recommendations within the context of current Federal 
efforts. We also have attempted to provide reasonable cost estimates for recommendations that may 
involve significant funding, and to determine whether the necessary actions can be supported within 
existing programs or may require new funding. 

Many of the recommendations in this report can be carried out using existing Federal funding. Some 
of the recommendations could be funded in part through existing programs, although new authorities 
may be required in certain cases. Depending on these choices, the new funding required to fully fund 
the recommendations could reach up to approximately $1 billion per year. This would correspond to 
the equivalent of roughly $20 per K-1 2 public school student; or 2 percent of the total Federal spend- 
ing of approximately $47 billion on K-1 2 education; or 0.17 percent of the Nation's total spending of 
approximately $593 billion on K-1 2 education. 34 Not all of this funding must come from the Federal 
budget. We believe that some of the funding can come from private foundations and corporations, as 
well as from states and districts. 



BOX 1-1: WHAT IS STEM EDUCATION? 

"STEM education, "as used in this report, includes the subjects of mathematics, biology, chemistry, and 
physics, which have traditionally formed the core requirements of many state curricula at the K-1 2 level. In 
addition, the report includes other critical subjects, such as computer science, engineering, environmental 
science, and geology, with whose fundamental concepts K-1 2 students should be familiar. The report does 
not include the social and behavioral sciences, such as economics, anthropology, and sociology; while 
appropriately considered STEM fields at the undergraduate and graduate levels, they involve very different 
issues at the K-1 2 level. 

We note that this report does not seek to define specific core or elective curricula, which are the subject of 
other important efforts. Our focus is on system-wide approaches for improving K-1 2 STEM education. 



34 ' See Chapter 3 for details. 
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BOX 1-2: PREVIOUS STUDIES 

The following reports provide a broad range of analysis on the problems and potential of STEM education. 
Fora more complete list, see www.stemedcoalition.org/content/reports/default.aspx. 

Preparing Teachers: Building Evidence for Sound Policy. 201 0. National Research Council. 

Transforming American Education: Learning Powered by Technology. (The National Educational Technology 
Plan.) 2010. Office of Educational Technology, U.S. Department of Education. 

Engineering in K-12 Education. 2010. National Academy of Engineering. 

The Economic Impact of the Achievement Gap in America's Schools. 2009. McKinsey & Company. 

The Opportunity Equation: Transforming Mathematics and Science Education for Citizenship and the Global 
Economy. 2009. The Carnegie Corporation of New York and the Institute for Advanced Study. 

Learning Science in Informal Environments: People, Places and Pursuits. 2009. National Research Council. 

Benchmarking for Success. 2008. National Governors Association, Council of Chief State School Officers, 
Achieve. 

Fostering Learning in a Networked World. 2008. National Science Foundation Task Force on Cyberlearning. 
Foundations for Success. 2008. National Mathematics Advisory Panel. 

Out of Many, One. 2008. Achieve, Inc. 

Building a STEM Agenda. 2007. National Governors Association. 

Rigor at Risk. 2007. ACT. 

Report of the Academic Competitiveness Council. 2007. U.S. Department of Education. 

Taking Science to School. 2007. National Research Council. 

A Model Curriculum for K-12 Computer Science. 2006. Association for Computing Machinery. 

Tough Choices or Tough Times. 2006. National Center on Education and the Economy. 

Rising Above the Gathering Storm. 2005. National Academy of Sciences, National Academy of Engineering, 
and the Institute of Medicine. 

The New Educational Imperative: Improving High School Computer Science. 2005. Computer Science Teachers 
Association, Association for Computing Machinery. 

Engaging Schools: Fostering High School Students' Motivation to Learn. 2004. National Research Council. 
Adding It Up. 2001. National Research Council. 

Before It's Too Late. 2000. The National Commission on Mathematics and Science Teaching for the 21st 
Century. (The Glenn Commission.) 

Being Fluent with Information Technology. 1 999. National Research Council. 

A Nation at Risk: The Imperative for Educational Reform. 1983. The National Commission on Excellence in 
Education report to the Department of Education. 
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Structure of Report and Key Recommendations 

In this report, we begin by examining the national goals and necessary strategies for successful STEM 
education (Chapter 2). We then consider the actions that the Federal Government should take with 
respect to leadership and coordination (Chapter 3), standards and assessments (Chapter 4), teachers 
(Chapter 5), technology (Chapter 6), students (Chapter 7), and schools (Chapter 8). Throughout the 
report, we make concrete recommendations. 

Priorities 

In addition to providing the full set of recommendations, we have sought to identify the most critical 
priorities for rapid action. We have therefore called out (in Box 1-3) our main conclusion (about the need 
for both preparation and inspiration) and our seven highest priority recommendations, which concern: 

1 . Supporting state-led shared standards and assessments. 

2. Recruiting and training of great STEM teachers. 

3. Recognizing and rewarding great STEM teachers. 

4. Using technology to propel innovation. 

5. Creating programs that foster inspiration through out-of-class activities. 

6 . Creating new STEM-focused schools. 

7. Ensuring strong and strategic National leadership. 

Broadly speaking, our recommendations fall under three main themes: 

• Improve STEM teaching throughout K-1 2. 

• Prepare and inspire all students in STEM through learning opportunities inside and beyond 
the classroom. 

• Sustain deep commitment to innovation and data-driven decision making in K-1 2 education. 

While PCAST's recommendations are directed toward the Federal Government, achieving the Nation's 
goals for STEM education in K-1 2 will require partnerships with state and local government and with 
the private and philanthropic sectors.The Federal Government must actively engage with each of these 
partners, who must in turn fulfill their own distinctive roles and responsibilities. In this context, we are 
encouraged by the state-led collaborative efforts and by the creation of private groups, such as the 
recently formed coalition, Change the Equation. 
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BOX 1-3: KEY CONCLUSIONS AND RECOMMENDATIONS 

In this box, we summarize our two main conclusions and our seven highest priority recommendations. 

All of these recommendations are directed at the Federal Government, and, in particular, we focus our 
attention on actions to be taken by the Department of Education and the National Science Foundation as 
the lead Federal agencies for STEM education initiatives in K-1 2. 

CONCLUSIONS 

TO IMPROVE STEM EDUCATION, WE MUST FOCUS ON BOTH PREPARATION AND INSPIRATION. 

To meet our needs for a STEM-capable citizenry, a STEM-proficient workforce, and future STEM experts, the 
Nation must focus on two complementary goals: We must prepare all students, including girls and minori- 
ties who are underrepresented in these fields, to be proficient in STEM subjects. And we must inspire all 
students to learn STEM and, in the process, motivate many of them to pursue STEM careers. 

THE FEDERAL GOVERNMENT HAS HISTORICALLY LACKED A COHERENT STRATEGY AND SUFFICIENT 
LEADERSHIP CAPACITY FOR K-1 2 STEM EDUCATION. 

Over the past few decades, a diversity of Federal projects and approaches to K-1 2 STEM education across 
multiple agencies appears to have emerged largely without a coherent vision and without careful over- 
sight of goals and outcomes. In addition, relatively little Federal funding has historically been targeted 
toward catalytic efforts with the potential to transform STEM education, too little attention has been paid 
to replication and scale-up to disseminate proven programs widely, and too little capacity at key agencies 
has been devoted to strategy and coordination. 

RECOMMENDATIONS 

1 . STANDARDS: SUPPORTTHE CURRENT STATE-LED MOVEMENT FOR SHARED STANDARDS IN MATH 
AND SCIENCE 

The Federal Government should vigorously support the state-led effort to develop common standards 
in STEM subjects, by providing financial and technical support to states for (i) rigorous, high-quality 
professional development aligned with shared standards, and (ii) the development, evaluation, adminis- 
tration, and ongoing improvement of assessments aligned to those standards. 

The standards and assessments should reflect the mix of factual knowledge, conceptual understanding, 
procedural skills, and habits of thought described in recent studies by the National Research Council. 

2. TEACHERS: RECRUIT AND TRAIN 1 00,000 GREAT STEM TEACHERS OVER THE NEXT DECADE WHO 
ARE ABLE TO PREPARE AND INSPIRE STUDENTS 

The most important factor in ensuring excellence is great STEM teachers, with both deep content 
knowledge in STEM subjects and mastery of the pedagogical skills required to teach these subjects well. 

The Federal Government should set a goal of ensuring over the next decade the recruitment, prepara- 
tion, and induction support of at least 100,000 new STEM middle and high school teachers who have 
strong majors in STEM fields and strong content-specific pedagogical preparation, by providing vigor- 
ous support for programs designed to produce such teachers. 



★ 12 ★ 




I. INTRODUCTION AND CHARGE 



3. TEACHERS: RECOGNIZE AND REWARD THE TOP 5 PERCENT OF THE NATION'S STEM TEACHERS, BY 
CREATING A STEM MASTER TEACHERS CORPS 

Attracting and retaining great STEM teachers requires recognizing and rewarding excellence. 

The Federal Government should support the creation of a national STEM Master Teachers Corps that 
recognizes, rewards, and engages the best STEM teachers in the nation and elevates the status of the 
profession. It should recognize the top 5 percent of all STEM teachers in the Nation, and Corps members 
should receive significant salary supplements as well as funds to support activities in their schools and 
districts. 

4. EDUCATIONAL TECHNOLOGY: USE TECHNOLOGY TO DRIVE INNOVATION, BY CREATING AN 
ADVANCED RESEARCH PROJECTS AGENCY FOR EDUCATION 

Information and computation technology can be a powerful driving force for innovation in education, 
by improving the quality of instructional materials available to teachers and students, aiding in the 
development of high-quality assessments that capture student learning, and accelerating the collection 
and use of data to provide rich feedback to students, teachers, and schools. Moreover, technology has 
been advancing rapidly to the point that it can soon play a transformative role in education. 

Realizing the benefits of technology for K-1 2 education, however, will require active investments in 
research and development to create broadly useful technology platforms and well designed and vali- 
dated examples of comprehensive, integrated "deeply digital" instructional materials. 

The Federal Government should create a mission-driven, advanced research projects agency for educa- 
tion (ARPA-ED) housed either in the Department of Education, in the National Science Foundation, or as 
a joint entity. It should have a mission-driven culture, visionary leadership, and draw on the strengths of 
both agencies. ARPA-ED should propel and support (i) the development of innovative technologies and 
technology platforms for learning, teaching, and assessment across all subjects and ages, and (ii) the 
development of effective, integrated, whole-course materials for STEM education. 

5. STUDENTS: CREATE OPPORTUNITIES FOR INSPIRATION THROUGH INDIVIDUAL AND GROUP 
EXPERIENCES OUTSIDE THE CLASSROOM 

STEM education is most successful when students develop personal connections with the ideas and 
excitement of STEM fields. This can occur not only in the classroom but also through individualized and 
group experiences outside the classroom and through advanced courses. 

The Federal Government should develop a coordinated initiative, which we call INSPIRE, to support 
the development of a wide range of high-quality STEM-based after-school and extended day activities 
(such as STEM contests, fabrication laboratories, summer and after-school programs, and similar activi- 
ties). The program should span disparate efforts of science mission agencies and after-school programs 
supported through the Department of Education funding. 

6. SCHOOLS: CREATE 1,000 NEW STEM-FOCUSED SCHOOLS OVER THE NEXT DECADE 

STEM-focused schools represent a unique National resource, both through their direct impact on stu- 
dents and as laboratories for experimenting with innovative approaches. The Nation currently has only 
about 1 00 STEM-focused schools, concentrated at the high school level. 
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The Federal Government should promote the creation of at least 200 new highly-STEM-focused high 
schools and 800 STEM-focused elementary and middle schools over the next decade, including many 
serving minority and high-poverty communities. In addition, the Federal Government should take steps 
to ensure that all schools and school systems have access to relevant STEM-expertise. 

7. ENSURE STRONG AND STRATEGIC NATIONAL LEADERSHIP 

Stronger leadership, a coherent strategy, and greater coordination are essential to support innovation 
in K-12 STEM education. Toward this end, the Federal Government should (i) create new mechanisms, 
with substantially increased capacity, to provide leadership within each of the Department of Education 
and the National Science Foundation; (ii) establish a high-level partnership between these agencies; 

(iii) establish a standing Committee on STEM Education within the National Science andTechnology 
Council responsible for creating a Federal STEM education strategy; and (iv) establish an independent 
Presidential Commission on STEM Education, in conjunction with the National Governors Association, to 
promote and monitor progress toward improving STEM education. 



PCAST believes that the Nation has an urgent need — but also, thanks to recent developments, an 
unprecedented opportunity — to bring together stakeholders at all levels to transform STEM education 
to lay the groundwork for a new century of American progress and prosperity. 

Because we consider STEM education a critical national priority, PCAST plans to maintain a sustained 
focus on the topic, recognizing that the problems and opportunities identified in this report require an 
ongoing effort over the long term. PCAST looks forward to continued consultations on a regular 
basis with the Department of Education and National Science Foundation, ideally beginning in 
about six months, to discuss progress and challenges in achieving the Nation's goals for STEM 
education. 
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CHAPTER SUMMARY 

The Nation requires clear goals and a coherent strategy for improving K-12 STEM education. This report 
attempts to articulate the key priorities and to define an approach that will guide how STEM education 
initiatives unfold. Increasingly, all citizens will need to be able to use scientific knowledge, advanced tech- 
nologies, and quantitative methods in their jobs and to make informed decisions about critical issues. The 
United States will also need a steady stream of the world's best researchers and innovators to remain at the 
leading edge of science and technology. In addition, all citizens should have the opportunity to experience 
the wonders of discovery and exploration available in STEM.To meet the Nation's needs for a STEM-capable 
citizenry, a STEM-proficient workforce, and future STEM experts, we recommend a strategy that focuses on 
two complementary goals: We must prepare all students, including girls and minorities who are underrep- 
resented in these fields, to be proficient in STEM subjects. And we must inspire all students to learn STEM 
and, in the process, motivate many of them to pursue STEM careers. 



Introduction 

Improving the quality and effectiveness of STEM education in the United States requires a clear under- 
standing of both goals and strategies. In this chapter we outline the national need in terms of four 
goals that need to be achieved to have a well-educated citizenry and workforce. We also discuss the 
distinctive aspects of STEM education that require unique approaches within the context of education 
reform. Finally, we discuss the two components that must underlie our national strategy: We must 
prepare students so they all have a strong foundation in STEM and are able to pursue it. And we must 
inspire students so that all are motivated to learn STEM and many are excited about entering STEM fields. 



National Needs for STEM Education 

Given the critical role that science and technology will play in our Nation's future, four key areas of 
national need are apparent: 

1. We must ensure a STEM-capable citizenry. All U.S. citizens should have an understanding 
of scientific and technological knowledge, engineering principles, and quantitative methods 
sufficient to succeed in public life and in their careers, and to make informed decisions about 
issues facing our Nation and our planet. Learning STEM is important even for people who will 
never become engineers, mathematicians, or scientists. An increasing number of jobs draw on 
at least some knowledge and skills from STEM fields — such as data analysis, problem solving, 
and the ability to analyze and use evidence — and every occupation has the potential to be 
transformed by scientific and technological advances. In addition, when American citizens make 
personal decisions, engage in civic discourse, serve on a jury, cast their ballots, or run for public 
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office, they should have the knowledge, conceptual understandings, and critical-thinking skills 
that come from studying STEM subjects. 

2. We must build a STEM-proficient workforce. The U.S. economy needs a large and increasing 
supply of workers who can routinely use scientific, technological, engineering, and mathemati- 
cal knowledge and skills in their jobs; this knowledge fuels innovation and entrepreneurship. 
The nation's ability to solve problems and propel economic growth will therefore depend 
on cultivating a future workforce that is STEM-proficient. The STEM-proficient workforce cur- 
rently comprises as many as 21.4 million people — approximately 15 percent of the employed 
population. 35 Furthermore, employment in STEM fields is increasing at a faster pace than in 
non-STEM fields. 36 Even during the recent recession, companies in STEM-related fields, such as 
in the aerospace, defense, life sciences, and energy sectors, reported shortages of skilled work- 
ers, and these shortages are expected to persist. 37 Moreover, many professions once perceived 
as not requiring STEM skills, such as agriculture and law, increasingly require technological 
and scientific proficiency. The Business and Industry STEM Coalition has called for the country 
to double — to 400,000 — the number of college graduates with degrees in STEM per year by 
2020. 38 Our education system must prepare more people who can work with, build, and adapt 
to technology to expand opportunities for all Americans and to ensure that the Nation's living 
standards continue to rise. Preparing this workforce is essential to the country's future prosperity. 

3. We must cultivate future STEM experts. The United States also needs a steady stream of the 
best STEM researchers and innovators in the world. These individuals will come up with new 
ideas and inventions, pioneer new fields and industries, and inspire and mentor new generations 
of scientists, engineers, and mathematicians. They will make the fundamental discoveries that 
help us understand our world. They will keep the United States at the leading edge of science 
and technology in the century. Scientists, engineers, and mathematicians have historically 
founded and made tremendous contributions to high-tech industries, medical research cen- 
ters, engineering firms, and government agencies in the United States.They have contributed 
immensely to economic growth, to technological progress, to our understanding of ourselves 
and the universe, and to the reduction of hunger, disease, and poverty. STEM experts also 
provide a wealth of knowledge that serves national security and protects our natural resources, 
and they attract students and investors from around the world to the United States. If we hope 
to retain these advantages, even as other countries seek to build their STEM expertise, we must 



35, National Science Board. (2008). Science and Engineering Indicators: 2008. Arlington, VA: National Science 
Foundation. 

36 ' GAO. (2006). Science, Technology, Engineering, and Mathematics Trends and the Role of Federal Programs, 
statement of Cornelia M. Ashby, Director, Education, Workforce, and Income Security Issues. Accessible at 
http://www.gao.gov/new.items/d06702t.pdf. 

37 Deloitte, Oracle, and the Manufacturing Institute. (2009). People and Profitability: A 
Time for Change. Accessible at http://www.deloitte.com/assets/DcomUnitedStates/Local%20 
Assets/Documents/us_pip_peoplemanagementreport_1 00509.pdf. 

38 This number is published in the Business and STEM Industry Coalition Charter, March 12, 2010, accessible at 
http://icw.uschamber.com/sites/default/files/documents/CHARTER%20FIANDOUT.pdf. Neither PCAST nor its working 
group have analyzed whether this is the appropriate number of STEM graduates required for the U.S. economy as this 
was beyond the scope of this report. 
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cultivate a large pool of STEM experts with the knowledge, drive, and imagination to advance 
the frontiers of science and industry. 

4. We must close the achievement and participation gap. Our national needs cannot be met 
without drawing on the full potential of our Nation. The United States cannot remain at the 
forefront of science and technology if the majority of its students — in particular, women and 
minorities underrepresented in STEM fields — view science and technology as uninteresting, 
too difficult, or closed off to them. We must close the achievement and interest gap in STEM 
subjects among racial, ethnic, and gender groups. Closing these gaps cannot be limited to 
helping students and groups at the remedial level in STEM subjects. It also requires unleashing 
the full potential of all our students who have not historically been drawn to STEM fields. STEM 
education needs to recognize and cultivate untapped talent. Many of our future STEM experts 
can and must come from traditionally underserved populations. STEM fields will greatly benefit 
from drawing on a diversity of perspectives, cultures, and ideas. 

Given these goals, STEM education policies must be aimed at multiple levels and at everyone. We must 
ensure that struggling students reach STEM-proficiency. In parallel, we must deeply engage proficient 
students and attract high-achieving students from all groups to STEM subjects. 

Distinctive Nature of STEM Education 

Efforts to improve K-1 2 STEM education must fit within the broader context of K-1 2 education reform 
within the United States. We will not be able to transform STEM education unless we solve systemic issues 
that prevent our schools and school systems from fulfilling their potential. One fundamental issue is a 
failure of accountability: we fail at many levels to define clear goals, measure our success toward these 
goals, and hold ourselves accountable for our performance. A second fundamental issue is a failure to 
reward excellence: we know that teachers are the most critical component in the educational system, 
yet we fail to instill, recognize, and reward excellence in teachers. Given these two problems, it is no 
surprise that many schools are in trouble. 

The administration has taken a comprehensive approach that attempts to address these issues at 
every level of the education system. Of particular importance, Secretary of Education Arne Duncan has 
articulated four"assurances"that should form the foundation for reform efforts. These are: (i) adopting 
rigorous standards that prepare students for success in college and the workforce; (ii) recruiting and 
retaining effective teachers, especially in classrooms where they are needed most; (iii) turning around 
low-performing schools; and (iv) building data systems to track student achievement and teacher effec- 
tiveness. We endorse these principles and agree that they provide a foundation for general education 
reform. 

At the same time, it is important to recognize that STEM education has a number of distinctive character- 
istics that pose both unique challenges and opportunities. Achieving the President's goal of dramatically 
improving STEM education will require the development of distinctive approaches within the larger 
overall framework. These considerations include: 
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• STEM subjects tend to be highly cumulative and sequential. In mathematics, each step 
in a progression depends on previous knowledge and skills. If students fail to understand 
ratios and fractions or properties of matter, for example, they are likely to fall further behind in 
the mathematics or science courses that follow. Science courses, for their part, are enhanced 
by cross-disciplinary knowledge that transcends the typical course boundaries of biology, 
chemistry, earth science, or physics. These characteristics of STEM mean that students who 
have trouble at an early stage will face further difficulty down the road; it is easy to get off the 
path and hard to get back on. It also means that teachers need to have knowledge that goes 
beyond their specific course and the confidence to use it to help guide and enhance student 
understanding and achievement. 

• STEM knowledge is specialized. Some of the knowledge and methods of STEM subjects can be 
difficult for students to master in the context of their everyday lives.Teachers at all grade levels 
need deep content knowledge to be able to explain basic concepts well, as well as to answer 
deeper questions from inquisitive students. They must also be able to anticipate and correct 
naive notions that learners of mathematics, science, and technology bring to the classroom. 
They must be able to teach those subjects in different ways to reach different students. 

• STEM knowledge is rapidly changing. The frontiers of knowledge in STEM fields are ever- 
expanding, as scientific progress and technological advances constantly reshape our under- 
standing of the human body, the cosmos, the complex dynamics of our climate and the Earth's 
ecosystems, and the potential of technological tools.This rapid change presents unique oppor- 
tunities for engaging learners by connecting them with current explorations and investigations. 
And, as the nature of scientific practices changes to become more global, collaborative, and 
data-intensive, opportunities for STEM learning also expand. But taking advantage of these 
opportunities requires that teachers stay current with subject areas that may have changed sub- 
stantially since they left college. This characteristic of STEM fields underscores the importance 
of conceptual understandings rather than memorization of facts that can become outdated. 

• STEM-trained individuals have alternative, high-paying career options. Many of the high- 
est paying professions for recent college graduates are related to STEM fields. 39 This means that 
the most proficient STEM students in colleges may be attracted to careers other than teaching. 
Attracting and retaining the best-trained STEM students to the teaching profession will require 
unique strategies that may differ from those required to recruit teachers in other fields. 

• STEM is not always familiar and accessible to the public and education leaders. Many 
parents, school administrators, state and district officials, and public leaders have only limited 
familiarity, engagement, or mastery of STEM subjects. Although opinion polls show that most of 
the public believes science has a positive and significant impact on society , 40 the general public's 
comfort with STEM subjects is much more limited. Many elementary school teachers, because 
of their preparation, tend to view STEM subjects with more trepidation than other subjects, and 

39 ' National Association of Colleges and Employers. (2010). Salary Survey, Winter 2010. Accessible at 
http://www.naceweb.org/research/salary_survey/?referal=research&menulD=71 . 

40 ' Pew Research Center for the People & the Press. (2009). Public Praises Science; Scientists Fault Public, Media. 
Accessible at http://people-press.org/report/7pageidM 546. 
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may shy away from teaching them. This anxiety is often also reflected in schools and colleges 
of education that prepare teachers. STEM teachers at upper grade levels often bemoan the lack 
of support for STEM on the part of their schools and school district leaders. At a time when the 
need for more support for STEM education is critical, many state and district STEM teams are 
being down-sized or eliminated. In addition, many school principals are unfamiliar with the 
knowledge and strategies needed to support and recognize high-quality STEM classrooms in 
their schools.This makes it difficult to gain traction for innovative ideas, curricula, and resources 
for STEM education. 

• The STEM professional community can be a major resource for educators. The United States 
has a highly developed and accomplished STEM community that can be engaged effectively in 
the important work of teaching and mentoring students. Scientists, mathematicians, engineers, 
and technologists can be found throughout academia, industry, government, and nongovern- 
mental organizations. Many STEM professionals would be willing to contribute their knowledge, 
time, and skills to educating youth if effective ways could be found to engage them in a way 
that is useful to teachers and students. Ideally, teachers in schools and out would be able to tap 
into the expertise and rapidly advancing knowledge in universities, corporate and government 
laboratories, offices, and field stations to expand learning opportunities for their students. 

• STEM-trained individuals tend to be tech-savvy. STEM can be an ideal testing ground for 
the use of technology and innovative learning tools in education. STEM practitioners tend to 
be most able to create such tools, and STEM teachers may be particularly comfortable with 
technology-based innovation. 

The distinctive characteristics of STEM education and the STEM community merit special consideration 
in formulating U.S. education policy. They should shape the approaches taken to preparing teachers, 
creating instructional materials, and enhancing schools for K-1 2 STEM education. The distinctive attri- 
butes of STEM also hold great potential. They provide opportunities to engage and educate students in 
real-world settings and connect with the career paths that will be available to them in an increasingly 
technology-intensive economy. 



Strategy: Prepare and Inspire 

There are two obstacles to achieving the nation's goals with respect to STEM education. First, too few U.S. 
students are proficient in STEM. Second, too few of those who are proficient pursue STEM fields. Of all 
ninth graders in the United States in 2001 , for example, only about 4 percent are predicted to earn college 
degrees in STEM fields by 201 1 , 41 a clear indicator that at various stages of the education system we are 
losing potential STEM talent.This loss begins well before high school. In both mathematics and science, 

41 ■ Based on numbers from the NCES Department of Education Statistics and National Science Board Science and 
Engineering Indicators 2008, as cited in the Business-Higher Education Forum (BHEF). (2010). Increasing the Number of U.S. 
STEM Graduates: Insights from the STEM Education Modeling Project (BHEF Working Paper, April 2010, p. 1 ). Washington, 
D.C.: Business-Higher Education Forum. Accessible at http://www.stemnetwork.org/research/. Roughly 3.6 million 
students proceed from the eighth grade. Each year, about 1 .5 million bachelor degrees are conferred. About 240,000 are 
STEM degrees in fields excluding the social and behavioral sciences (6.7 percent of ninth graders) and about 480,000 
are in STEM fields including the social and behavioral sciences. However, the BHEF working paper predicts that of the 
4 million ninth-graders in the Nation in 2001, only 4 percent will earn STEM degrees by 201 1. Three million students 
graduated from high school in 2005, 1 .9 million attended two or four-year colleges, and only 1 67,000 are expected to 
earn STEM degrees within six years of entering college, i.e. by 201 1. 
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about 70 percent of eighth graders score below the proficient level. 42 Students who lack proficiency 
face a mounting barrier, as it becomes increasingly difficult to engage in STEM subjects without a solid 
foundation in basic skills, such as algebra. Even among the minority of students who are proficient in 
STEM in eighth grade, about 60 percent decide during high school that they are not interested in these 
subjects. 43 Of those who remain interested in high school, only about 40 percent actually enter STEM 
majors in colleges. Of these students, 60 percent switch out of STEM 44 while far fewer switch in. The 
problem is particularly acute among minority groups and women. Black, Latino, and Native American 
students who show interest in STEM as college freshmen are much less likely to graduate with STEM 
degrees than their white and Asian American counterparts. 45 

To address these challenges, we need a two-pronged approach: (1 ) we must prepare all students so they 
have a strong foundation in STEM no matter what careers they pursue, and (2) we must inspire students 
so that all are motivated to learn STEM subjects and many are excited about entering STEM fields. 
Preparation involves building shared skills and knowledge. Inspiration involves individual, meaningful 
experiences that speak to students' particular interests and abilities. 

Preparation involves bringing all students up to the level of proficiency in STEM subjects.This requires 
a focus on high standards and meaningful assessments for STEM subjects, together with providing 
teachers and schools with tools to enable active, engaged learning by students. It also requires recruiting, 
preparing, and retaining teachers who have the knowledge and skills to effectively convey those stan- 
dards. And it requires providing schools and teachers with tools and support to help students achieve 
these standards. Preparation includes giving the nation's high-achieving STEM students challenges 
and opportunities to reach even higher. This requires recognizing and nurturing talent in all groups 
of students. Preparing students to succeed and excel in STEM, as well as in subjects and careers that 
draw upon STEM aptitudes and knowledge, will require a substantial effort that addresses the current 
inadequacies at all levels of the education system. 

Inspiration involves capturing the curiosity and imagination of students. If preparation depends heav- 
ily on skill development, inspiration depends on providing access to exciting individual experiences 
and to STEM connections inside and outside of schools. Inspiration also involves giving students the 
opportunity to be motivated by teachers and mentors, by collaborations in discovery and invention, 
and by what they learn in school and out of school. 

Students need exciting experiences that speak to their interests — in school among teachers, peers, and 
mentors, beyond the curriculum, and beyond the classroom. These experiences should reveal to them 
the satisfaction of solving a problem, discovering a pattern or phenomenon on one's own, becoming 
insatiably curious about a puzzling question, or designing and creating an invention. Students should 
be able to see themselves in the role of a scientist, technologist, engineer, or mathematician, which often 

42 ' National Assessment of Educational Progress. (2010). Results from 2009 in mathematics and most recent science 
exam. Accessible at http://nces.ed.gov/nationsreportcard/. 

43 ' Business-Higher Education Forum. (2010). Increasing the Number of US. STEM Graduates: Insights from the STEM 
Education Modeling Project, BHEF Working Paper, April 201 0, p. 4. Washington, D.C.: Business-Higher Education Forum. 
Accessible at http://www.stemnetwork.org/research/. 

44 ' National Center for Education Statistics. (2006). Digest of Education Statistics: 2005 (NCES 2006-030). Washington, 
DC: Institute of Education Sciences. Accessible at http://nces.ed.gov/pubsearch/pubsinfo.asp?pubid=2006030. 

45 ' Higher Education Research Institute Research Brief. (201 0). Degrees of Success. Accessible at 
www.heri.ucla.edu/nih/HERI_ResearchBrief_OL_2010_STEM.pdf. 
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requires an association with role models. They need to have experiences that demonstrate STEM subjects 
can connect to their own lives and how working in these fields can help solve some of the most serious 
problems human beings have ever faced. Research shows how important it is for children to have excit- 
ing experiences in STEM early on, in elementary and middle school, to capture their interest and spark a 
lifelong passion. Students who express interest in STEM in eighth grade are up to three times more likely 
to ultimately pursue STEM degrees later in life than students who do not express such an interest . 46 - 47 

Inspiration can come from many sources. When setting the Nation's goals for STEM education, we 
must take advantage of the opportunity to inspire students through the many avenues opened up by 
technological advances and promising programs in a variety of settings. We will have more to say about 
the need to inspire students throughout this report. 



Implications 

These complementary objectives — preparation and inspiration — can be the driving forces behind an 
overall strategy in STEM education. We need states to adopt high standards, well-designed assessments, 
and reliable accountability measures. We also need truly excellent teachers who are deeply knowledge- 
able about STEM content and pedagogy. We need materials that are challenging, stimulating, and up 
to date with scientific and technological knowledge. We need learning opportunities both inside and 
outside the classroom for students to explore, invent, and discover. We need all teachers and schools to 
have connections to the dynamic, broader world of STEM. We need school and school district officials 
who can develop and lead schools that enable students to learn to their fullest potential. In subsequent 
chapters, we describe actions that the Federal Government can take to help achieve these objectives. 



46 ' R.Tai, C. Q. Liu, A. V. Maltese, and X.T. Fan. (2006). Planning for Early Careers in Science. Science 31 2(5777):1 143- 
1144. 

47 A. V. Maltese and R. H. Tai. (2010). Eyeballs in the Fridge: Sources of Early Interest in Science. International Journal 
of Science Education 32:669-685. 
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CHAPTER SUMMARY 

Although K-12 education is largely the responsibility of the states and localities, Federal funding can have a 
profound effect on STEM education by leveraging state and local resources in the pursuit of national goals. 
For this potential to be realized, Federal involvement needs to reflect a coherent and coordinated strategy. 
Today the Federal Government spends around $1 billion 48 on K-12 STEM education, and the Obama admin- 
istration has emphasized STEM education in several major policy initiatives. Nevertheless, these efforts 
represent far too small a proportion of the overall investment in K-12 education, and Federal activities 
should be more strategic. This requires strong leadership and new policy and funding mechanisms in the 
National Science Foundation, the Department of Education, and the Executive Office of the President. The 
Federal Government also should draw on expertise from business, academia, and other levels of govern- 
ment to foster excellence in K-1 2 STEM education. 



Introduction 

Elementary and secondary education is largely a state and local responsibility in the United States, with 
the Federal Government typically contributing only about 8 percent 49 of education funding. Nonetheless, 
this Federal funding can play a crucial role in improving U.S. education if it is used wisely to advance 
national priorities. 

Federal support for K-1 2 STEM education flows through many different Federal agencies.The Department 
of Education funds policies and programs that have a substantial influence on schools and students 
across the Nation. Funding also flows through science mission agencies such as the National Science 
Foundation, which supports activities to develop instructional materials and educational technologies 
as well as activities that affect a subset of teachers and students. 

For this Federal funding to constitute an investment in the Nation's future worth more than the dollars 
disbursed, it must reflect a coherent strategy for STEM education. Coherence in turn requires widely 
shared goals as well as structures that ensure leadership, coordination, and oversight. Despite clear rec- 
ognition of the importance of STEM education, Federal policy over the past quarter-century has lacked 
such coherence and leadership. In this chapter, we describe Federal funding for K-12 STEM education and 
offer recommendations to improve the coherence, leadership, and coordination of Federal programs. 



Funding for K-1 2 STEM Education 

The K-1 2 education system in the United States is a large and complex enterprise. There are nearly 50 
million public school students and 3.2 million teachers in 98,000 schools organized into 14,000 school 
districts. (These figures do not include K-1 2 private school students and teachers.) There are approxi- 

48 ' Although some estimates of this figure may differ, this is based on a rigorous analysis by the PCAST Working 
Group of documented programs that qualify as K-12 STEM education initiatives. 

49 ' The American Recovery and Reinvestment Act of 2009 (ARRA) boosted this percentage temporarily to around 1 1 
to 12 percent. 
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mately 1.7 million elementary school teachers, very few of whom are specialists in STEM subjects, and 
about 1 .3 million middle and high school teachers, of whom about 425,000 have a main teaching assign- 
ment in mathematics or science. 50 ' 51 Total expenditures for public elementary and secondary education 
are now about $593 billion per year. 52 Historically, Federal funding has contributed about 8 percent of 
this total, with states and localities contributing roughly 47 percent and 44 percent, respectively. 53 

In the last two decades, Federal spending in education has been used to advance certain policy objec- 
tives. In 1 994, two major laws affecting STEM education were enacted: the Goals 2000: Educate America 
Act, 54 which placed heightened emphasis on mathematics and science education, especially in the 
early grades, and on increasing teachers'substantive background in mathematics and science; and the 
Improving America's Schools Act, which sought to help disadvantaged students meet high standards 
in academic disciplines, including mathematics and science, and initiated a trend of increased state 
assessments. 55 The Elementary and Secondary Education Act (also known as the No Child Left Behind 
Act), which President Bush signed into law in 2002, focused attention on school accountability and 
demonstrated how profoundly strategic changes in Federal policy can drive changes in schools across 
the country. In addition, the America COMPETES Act of 2007 authorized a range of STEM education 
programs in the Department of Education and the science mission agencies. 56 

Below, we describe briefly the current landscape of Federal expenditures on K-1 2 STEM education in 
the Department of Education and the Federal science mission agencies in FY1 0 and via the American 
Recovery and Reinvestment Act (ARRA). We also describe some of the proposals made in the President's 
budget for FY1 1. Our analysis is based on an inventory of Federal programs assembled by the Office of 
Management and Budget. We then discuss methods and mechanisms to evaluate the effectiveness of 
these programs. 



Funding for STEM Education at the Department of Education 

Most of the Federal funding for elementary and secondary education, approximately $25 billion in dis- 
cretionary funding in FY1 0, flows through the Department of Education under appropriations authorized 



50 ' National Center for Education Statistics. (2009). Digest of Education Statistics. Washington, DC: U.S. Department of 
Education. Accessible at http://nces.ed.gov/programs/digest/2009menu_tables.asp. 

51 ' Bureau of Labor Statistics. (2010). Occupational Outlook Handbook, 2010-11 Edition. Washington, DC: U.S. 
Department of Labor. Accessible at http://www.bls.gov/oco/ocos069.htm. 

52 ' U.S. Census Bureau. (2010). Public Education Finances, 2008. Washington, DC: U.S. Census Bureau. 

53 ' These percentages do not include one-time funding under the American Recovery and Reinvestment Act of 
2009, which as of the publication date of this report had not been fully paid out. 

54 ' Public Law 103-227. (1994). GOALS 2000: Educate America Act. Accessible at 
http://www2.ed.gov/legislation/GOALS2000/TheAct/index.html. 

55 ' Public Law 103-382. (1994). Improving America's Schools Act of 1 994. Accessible at 
http://www2.ed.gov/legislation/ESEA/toc.html. 

56 ' The America Creating Opportunities to Meaningfully Promote Excellence in Technology, Education, and Science 
Act (COMPETES) became law in August 2007. While COMPETES authorized many new STEM education programs, few 
received the appropriations needed to implement them. Reauthorization of this legislation is currently being considered 
by the Congress. 
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under various titles in the Elementary and Secondary Education Act (ESEA). 57 Funding under ESEA flows 
through a series of titles. 58 

We describe below those funds that are targeted specifically to STEM education. It is important to note 
that Titles I and II include substantial funds that the states themselves may choose to use for mathematics 
or science education. Our focus here, however, is to identify funds that the Federal Government itself 
targets to STEM activities, since it is important to ensure that they are spent strategically. 

• Title I ($1 5.9 billion). Under NCLB, more than 50,000 public schools across the country receive 
funds to provide additional academic support and learning opportunities to help low-achieving 
children master challenging curricula and meet state standards in core academic subjects. For 
example, these funds support extra instruction in reading and mathematics as well as special 
preschool, after-school, and summer programs to extend and reinforce the regular school cur- 
riculum. 59 Much of this funding is awarded to states and local education agencies by formulas 
linked to the number of students from low socioeconomic backgrounds. About $45 million is 
specifically appropriated to increase the number of students who take Advanced Placement 
(AP) courses and exams, including AP courses and exams in mathematics and science subjects. 60 

• Title II ($3.2 billion). Funds under Title II target the preparation and recruitment of teachers 
and principals ($2.9 billion). A small portion ($180 million in FY10) is targeted to mathematics 
and science education through formula-driven Mathematics and Science Partnerships, which 
are intended to improve the content knowledge of teachers and the performance of students 
in the areas of mathematics and science by encouraging collaborative programs among states, 
higher education institutions, local education agencies, and elementary and secondary schools. 
In addition, $1 00 million is targeted to educational technology 61 through state grants. In general, 
states apply to the Department of Education for these grants, and applications must include 
plans for how states will allocate funds to local education agencies (and ensure compliance), 
how activities will be tied to state standards, and how grants will improve the quality of teachers 
and principals. 

• Title IV. Among the funds allocated under Title IV are $1.16 billion to support after-school 
programs through the 21 st Century Community Learning Centers (CCLC). These centers, which 
receive funding through a competitive grants program, provide opportunities for academic 
enrichment, particularly for students who attend low-performing schools, to help them meet 

57 ' The ESEA has been renamed several times during reauthorizations. During President George W. Bush's 
administration, it was called the No Child Left Behind Act. This Act is in the process of being reauthorized, which may 
lead to various titles being renamed. 

58 ' Most of the programs mentioned in this section are funded under ESEA. Loan forgiveness is under Federal 
Student Aid; the Institute for Education Sciences is under the Education Science Reform Act of 2002. Race to the Top and 
Investing in Innovation (i3) are under ARRA, with plans to include them under the reauthorization of ESEA. 

59 ' U.S. Department of Education. (2009). Improving Basic Programs Operated by Local Educational Agencies (Title I, 

Part A). Accessible at http://www2.ed.gov/programs/titleiparta/index.html. 

60 ' U.S. Department of Education. (2009). Fiscal Year 20i 0 Budget Summary, May 7, 2009. Washington, DC: U.S. 
Department of Education. Accessible at 

http://www2.ed.gov/about/overview/budget/budget1 0/summary/edlite-section3a.html; and U.S Department of 
Education. (2009). Fiscal Year 2010 President's Reguest. Washington, DC: U.S. Department of Education. 

61, In FY1 1, the Administration is not requesting separate funding for Educational Technology State Grants but 
rather is encouraging the infusion of educational technology across programs. 
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state and local achievement standards in core academic subjects such as reading and mathemat- 
ics. These programs may include STEM-related activities; for example, 25 states reported using 
a combined total of $156 million on grants for science and technology activities in 2008-09. 62 

Another source of support for STEM education within the Department of Education is the Institute of 
Education Sciences (IES), which was funded at a level of $659 million in FYlO.The Institute, which was 
created in 2002, funds research, regional education laboratories, assessment (including the National 
Assessment of Educational Progress and the National Assessment Governing Board), and statewide 
data systems. According to data supplied by IES, approximately $45 million is related in some way to 
research on STEM education. 63 

The Department also provides about $96 million in Federal student aid (mostly in the form of loans 
and loan forgiveness programs) to prospective science and mathematics teachers who agree to teach 
in needy schools. 64 

In total, the Department of Education funding includes approximately $522 million per year that is tar- 
geted exclusively for STEM education. We focus here on funds targeted specifically to STEM education, 
because they are the mechanisms by which Federal policy can directly guide improvements in STEM 
education. As noted above, the states also receive significant formula grants underTitles I and II (focused 
on providing additional support for students living in poverty and on increasing teacher and principal 
quality) that they may use at their discretion, including on STEM subjects. Thus, the total amount of 
Federal funding actually used for STEM education is larger than the amounts discussed here. 

The Obama administration has advanced several initiatives to increase the Department of Education's 
commitment to STEM education: 65 

• The American Recovery and Reinvestment Act of 2009 included several initiatives that have 
the potential to influence K-1 2 STEM education. The Race to the Top (RTTT) incentive grants 
received $4.35 billion, and $650 million went for the Investing in Innovation (i-3) Fund. STEM was 
a competitive priority for RTTT funding, meaning that an application could receive bonus points 
for including a focus on STEM. In FY1 1, the Investing in Innovation Fund will direct $150 million 
of its $500 million budget toward STEM projects and will include a cross-cutting emphasis on 
technology. We strongly encourage the administration to continue these programs, which 
provide critical support for STEM initiatives. 



62 ' There is documented funding of $156 million for 1,622 grants for science and technology activities (not 
including tutoring, supplemental education services, or homework help) in the 25 states that report individual (rather 
than aggregated) activity. Grants are awarded through competition to more than 1 5 kinds of organizations — local 
education agencies, community-based organizations, universities, Boys and Girls Clubs, and so on — which report 
that about 32 percent of their activities target STEM. U.S. Department of Education. (2010). 27 st CCLC Funding for STEM 
Activities: Estimates Based on APR 2009 PPICS Data. Washington, DC: U.S. Department of Education. 

63 ' In response to a PCAST request, OMB requested data from Federal agencies on their STEM Education programs. 
These data were then collected in a central database by the Science and Technology Policy Institute (STPI) and expanded 
with additional information on the purpose of each of the STEM programs. For this report, PCAST analyzed data in the 
central database. 

64 - Ibid. 

65 ' The Department is planning to invest even more in strategic STEM programs — at least $606 million if 21 st 
Century Community Learning Centers (CCLC) funding is included. See Table 3-1 . 
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The President's FY1 1 budget proposes significant changes to increase the Department of 
Education's efforts in STEM education and to consolidate several programs into targeted areas. 
As shown in Box 3-1, these changes would reorganize programs underTitles I, II, and IV of the 
Elementary and Secondary Education Act as well as several other programs.These specific and 
strategic commitments represent a significant increase for STEM education compared with the 
investment in the previous decade. They signal the Department's desire to take a more active 
role in using its policies and funding strategically to build a sustainable infrastructure to improve 
STEM education in schools. 
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TABLE 3-1 : DEPARTMENT OF EDUCATION FUNDING (FY09 ARRA, FY1 0) AND 
FUNDING REQUESTS (FY1 1) SPECIFICALLY RELATED TO STEM EDUCATION 



Program 


FY09 ARRA and 
FY10 Funding 


Approx. Amount 
Designated for STEM 


Program 


FY11 Proposed 
Funding 


Approx. Amount 
Designated for STEM 


ESEA Title 1 


$15.9 billion 


Most not designated 
specifically for STEM, 
but approximately 
half ($8 billion) goes 
to math (Title 1 fund- 
ing split between 
math and English 
language arts), but 
this is not considered 
STEM specific in this 
report's analysis* 


Various 


$14.5 billion 


Approximately half 
of total ($7.25 billion) 
would goto math, 
but this is not 
considered 
STEM-specific in the 
report's analysis* 






Includes $45 million 
for advanced courses, 
including AP and IB 
(not math or science 
specific, but includes 
support for those 
courses) 


All Students College 
and Career Ready 1 




Proposed $100 
million for"college 
pathways and 
accelerated learning"; 
funding is not specific 
forAP. 7 


ESEA Title II 


$3.2 billion 


$180 million for 
Math and Science 
Partnerships (MSP) 


Effective Teaching 
and Learning fora 
Complete Education 2 


$1.02 billion 


MSP consolidated 
into $300 million 
"effective teaching 
and learning; STEM" 
program within this 
larger $1.02 billion 
program. 








Effective Teachers 
and Leaders 3 


$3.85 billion 


No funding specified 
for STEM, but activi- 
ties encompass STEM. 


ESEA Title IV: 
21 st Century 
Learning 
Communities 


$1.16 billion 


$156 million 7 


21 st Century Learning 
Communities 4 


$1.16 billion 


At least $156 million 
(if funding for STEM 
programs remains the 
same as in previous 
years). 8 


Institute for 
Education Sciences 


$659 million 


$45 million 


Institute for 
Education Sciences 5 


$739 million 


$55 million 


Race to the Top 


$4.35 billion (ARRA) 


Not specified 


Race to the Top 


$1.35 billion 


STEM may be a 
competitive criteria. 


Investing in 
Innovation (i3) 


$650 million (ARRA) 


Not specified 


Investing in 
Innovation 6 


$500 million 


$150 million for 
STEM projects 


Loan Forgiveness 




$96 million for math 
and science teachers 


Loan Forgiveness 




$106 million 


TOTAL 




$522 million 






$867 million* 



* Funding total for Department of Education includes only STEM-specific funding as reported by the Department of Education for the OMB inventory and the internal 
analysis of 21st Century Community Learning Centers. Totals do not include formula driven funding to states under Title I in FY 09 ARRA or FY 10 or the Administration's FY 1 1 
budget request. 

Notes: 

1 To support statewide accountability systems linked to standards and assessments based on the expectation that all students will graduate from high school college- and 
career-ready. Schools and local education agencies that make significant progress toward the goal and close achievement gaps will be rewarded. Rigorous interventions will be 
carried out in the lowest performing schools. 

2 To provide competitive grants to state agencies, including agencies partnering with outside entities, and to improve teaching and learning in low-performing schools. 
The MSP program from FY1 0 is consolidated into this program, with a focus on effective teaching and learning of STEM. 

3 To target the preparation, training, and recruitment of teachers and principals. There are three priorities for FY1 1: $2.5 billion to the effective teachers and leaders 
programs to focus on the equitable distribution, design, and implementation of rigorous and fair teacher evaluation systems and the provision of high-quality professional 
development; $950 million to the teacher and leader innovation fund, which creates incentives for effective teachers and school leaders to work in the most challenging schools; 
and $405 million to Teacher and Leader Pathways, a new program to support the creation or expansion of high-quality pathways into teaching and to support new principals and 
school leadership teams focused on school turnaround. 

4 To emphasize extended learning opportunities and redesigning or extending the school day, week, or year to provide additional time for academic and enrichment 
activities. 

5 To support an increase in research, development, and dissemination; statistics; assessment; and statewide data systems. 

6 To develop and validate promising practices, strategies, and programs. 

7 The ESEA reauthorization proposal shifts Federal support for advanced courses to a program in Title II. The budget request includes $100 million for proposed "college 
pathways and accelerated learning", although funding is not specific for AP or for science and math courses. 

8 This level of funding for FY10 is estimated, derived from state-reported funding in for FY09 of 1,622 grants for science and technology activities in 25 states that report 
individual, rather than aggregated, activities for the 21 st Century Community Learning Center grants. This funding does not include tutoring, supplemental educational services, 
or homework help. Grants are awarded to more than 1 5 kinds of organizations, including local education agencies, community-based organizations, and institutions of higher 
education, which report that about 32 percent of their activities, target STEM. 
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Funding for STEM Education at Science Mission Agencies 

In addition to the Department of Education, various Federal science mission agencies provide support for 
STEM education. These science mission agencies collectively will spend $3.6 billion on STEM education 
in FY1 0, but the vast majority is spent on higher education programs such as graduate and postgraduate 
training and fellowships. Only about $673 million, or 19 percent of the total spent by science mission 
agencies, is allocated for formal, informal and outreach programs affecting K-12 STEM education and 
teachers, as shown in Table 3-2. 66 The FY1 1 budget proposes relatively minor changes in these amounts. 



TABLE 3-2: SCIENCE MISSION AGENCY FUNDING FOR K-12 STEM 
EDUCATION, TEACHERS, AND OUTREACH (ESTIMATED) 1 



Agency 


Recovery Act 
($MM) 


FY10 Funding 
($MM) 


FY1 1 Budget Request 
($MM) 


NSF 


$93.0 


$458.3 


$453.7 


NASA 




$87.8 


$89.5 


HHS/NIH 




$45.8 


$43.7 


Commerce (NIST, NOAA) 




$40.1 


$32.2 


DOD 




$22.9 


$23.6 


Energy 




$11.1 


$26.5 


EPA 




$3.4 


$3.6 


USDA 




$1.5 


$4.0 


DOT 




$1.25 


$1.25 


NSA 




$0.4 


$0 


TOTAL 2 


$93.0 


$672.6 


$678.1 



1 1n response to a PCAST request, OMB requested data from Federal agencies on their STEM Education programs. 
These data were then collected in a central database by the Science and Technology Policy Institute (STPI) and 
expanded with additional information on the purpose of each of the STEM programs. For this report, PCAST analyzed 
data in the central database. 

2 Agency total for STEM education does not include funding from the U.S. Department of Labor, which targets 
primarily workforce training through the Employment and Training Administration for those older than age 16. (These 
funds total over $5.4 billion in FY10 funding plus $4 billion in FY09 ARRA funding.) The inventory identified no funded 
K-1 2 outreach or informal education programs in the Department of Interior or Department of Flomeland Security. 



National Science Foundation 

Among the science mission agencies, the National Science Foundation (NSF) is by far the largest funder 
of K-1 2 STEM education. The NSF's commitment to integrating research and education makes it uniquely 
positioned to bring cutting edge STEM content and practices to investments in education. The total 
amount spent on science and mathematics education is similar in magnitude to the funding from the 



66 ' The primary categories included are programs specifically designated as K-1 2 programs, as well as programs 
for K-1 2 teachers (including undergraduate science and mathematics teacher preparation), informal and outreach 
programs, and research on STEM education. 
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Department of Education. The funding is administered by several programs under the Education and 
Human Resources Directorate. The largest programs are described in Box 3-1 . 

Since its inception in 1 950, the NSF has played an active role in STEM education. It was created as an 
independent agency to "develop and encourage the pursuit of a national policy for the promotion of 
basic research and education in the sciences." 67 At various times in its history — especially in the 1 960s 
through the 1 990s — the NSF provided critical support to science and mathematics teachers. It also 
has funded bold experiments to develop curricula, instructional materials, educational technologies, 
and programs to engage the public. Some of the NSF-funded activities in research and evaluation 
have charted new directions for the field. It has a deep reservoir of information about what has been 
tried — and what has succeeded and failed - in science and mathematics education. 

At its best, the NSF has excelled in funding investigator-driven experimental research in STEM education. 
This approach led to major investments in the research and early development phases of innovative 
full-course K-12 curricula in mathematics, biology, and physics. These investments also encompassed 
professional development for teachers (often during summer institutes) to learn how to use and incor- 
porate the curricula into their classes. The large-scale curricula developed during the 1960s and 1970s 
involved research on what kinds of knowledge should be taught and how that knowledge should be 
taught. This became the basis for the development of prototypical curricular materials that then were 
field-tested and, in some cases, licensed to commercial publishers. Nevertheless, only a small number 
of these materials achieved widespread use in K-1 2 classrooms. 

By the late 1970s, these investments in large-scale curriculum development (representing full, coherent 
K-1 2 programs of study in mathematics and the sciences) and related teacher professional development 
(including through the NSF institutes) largely disappeared. Most of the teachers who were beneficiaries 
of those Federal investments have retired. In the mid-1980s and early 1990s, investments focused more 
on students' understanding of STEM concepts. 68 The NSF resumed support for the development of 
instructional materials in the 1980s with the launch of the Instructional Materials Development (IMD) 
program, which lasted until it was replaced in 2006 with the current Discovery Research K-1 2 program 
(DR K-1 2). The IMD program resulted in investments in several comprehensive (multi-grade and full-year) 
mathematics and science curricula. 69 

Currently, the NSF funds proposals to develop instructional materials that focus on specific topics as well 
as "comprehensive" materials that are intended to cover a semester or a year or to examine the trajec- 
tory of a single concept over several years.The current DR K-1 2 research and development portfolio on 
instructional materials includes applied efficacy research — studies that look at how, for whom, why, and 

67, National Science Board. (2000). National Science Board: A History in Highlights 1950-2000. Arlington, VA: National 
Science Foundation. Accessible at http://www.nsf.gov/nsb/documents/2000/nsb0021 5/nsb0021 5.pdf. 

6S ' Projects funded in the mid-to-late 1 980s include Full Option Science System, or FOSS (for elementary grades; 
an award was made in the late 1 990s for a middle school version); Science and Technology for Children, or STC; and 
ChemComm. FOSS and STC were funded asTriad Projects in the 1980s, and both had middle school versions funded in 
the 1 990s. More recently, Active Chemistry was funded in 2001 . 

69 ' Some notable projects are: Connected Math (originally funded in 1991 and revised in 1999); Everyday Math 
(materials for grades 3-7 were supported by the NSF); Active Physics (originally funded in 1 993 and revised in 2003); 
Contemporary Mathematics in Context (originally funded in 1 992 and revised in 1 999); Investigating and Questioning 
our World through Science and Technology (IQWST; funded in 2004); and Mathematics Instruction using Decision 
Science and Engineering Tools (funded in 2007). 
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under what conditions innovative instructional materials work. The focus on these studies over the last 
four to five years signals an additional emphasis for the NSF and is intended to improve the clarity and 
understanding of how particularly difficult mathematics and science concepts are addressed in curricula. 
Findings from this work are just emerging. In the Research and Evaluation on Education in Science and 
Engineering (REESE) portfolio, research looks at more basic and complex problems in learning and 
education, often in the context of developing innovative instructional approaches. 

A program known as theTeacher Preparation and Enhancement Program was directed at STEM teaching 
in the mid-1 980s. It was followed by the Systemic Initiatives in the 1 990s, which made a major invest- 
ment in teacher professional development, and then by theTeacher Professional Continuum program 
in the early 2000s. Since 2005, teacher professional development has been funded largely through 
the Mathematics and Science Partnership (MSP) teacher institutes.The MSP program's comprehensive 
projects are aimed at states, regions, or large districts. 70 A small amount of funding has been awarded 
through other NSF programs for discipline-specific research experiences for teachers in academic set- 
tings. Aspiring mathematics and science teachers are funded through the Robert Noyce Fellowship 
program. 

The NSF also funded programs in the 1 990s to build state and local capacity to support strong science 
and mathematics instruction through its state, rural, and urban Systemic Initiatives programs. These 
initiatives ended in 2005 and were replaced by the MSP program, thus shifting away from a focus on 
developing and enabling mathematics and science education leaders at the state and local levels to 
implement policies and programs based on a rigorous R&D process. 

The NSF has sought to make the many learning tools and instructional materials it has funded available 
to teachers via the National STEM Digital Library (NSDL). Flowever, NSDLis largely a collection of disparate 
tools and independent modules, and its reach has been limited. While some teachers can make excellent 
use of such resources, many teachers require more integrated, ready-to-use instructional materials tied 
to their curricula and appropriate to their classrooms. 

In addition to its programs devoted specifically to K-1 2 education, the NSF has sought to leverage its 
scientific grants to have an impact on STEM education. Since 1 997 the NSF has evaluated all research 
proposals on the basis of both intellectual merit and broader societal impacts. 71 Many grantees respond 
to the broader impact criterion by using a portion of investigators'grants to develop strategies for STEM 
professionals to contribute to K-1 2 education. It is understandable to want scientific researchers to dis- 
seminate new knowledge into the science education system and become more involved in efforts to 
improve STEM education. Nevertheless, some observers have expressed concerns about the effective- 
ness of this approach. This is an appropriate time for NSF to re-evaluate this approach of mixing research 
projects with STEM education projects. 



7a Both the NSF and the Department of Education fund Mathematics and Science Partnership programs. They differ 
in that the NSF funding is awarded through a competitive grant process, while the Department of Education funding 
flows through formula-driven grants to states. 

71 ’ National Science Foundation. (2007). Merit Review Broader Impacts Criterion: Representative Activities. Arlington, 
VA: National Science Foundation. Accessible at http://www.nsf.gov/pubs/gpg/broaderimpacts.pdf. 
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Achieving the right balance. The NSF's support for STEM education has historically been tugged in 
two different directions: 

1 . Supporting basic research and development. Basic research efforts includes studies of how 
students learn specific concepts and how teachers can best teach them, while basic develop- 
ment efforts include creation innovative instructional materials. Such basic R&D projects are well 
suited to individual university-based researchers, and they provide an essential foundation for 
improving STEM education. However, the research efforts are often only slowly translated into 
teaching practice and the development efforts rarely produce the kinds of integrated, whole- 
course instructional materials that teachers and students need in the classrooms. 

2. Supporting development and implementation of scalable solutions. Some NSF programs 
have focused on creation and dissemination of solutions across the K-1 2 education system. 
Such efforts can have an enormous impact, but require larger and sustained efforts to achieve. 
Development efforts require initial creation of comprehensive materials, iterative cycles of 
testing and refinement, and active efforts to make the materials readily available to state and 
local authorities, either directly or through commercial publishers. At times, NSF has also faced 
political pushback due to the perception that it was endorsing particular projects over others. 

We believe that the NSF's current funding portfolio is not optimally balanced to support the Nation's 
need. The emphasis on supporting development and implementation of scalable solutions should be 
substantially increased. This should ideally involve appropriation of additional resources for this work, 
but, if necessary, could appropriately involve some shifting of resources. 

For various reasons, the time is right for an increased emphasis on development and implementation of 
scalable solutions. First, the state-led shared standards movements in mathematics, English language 
arts, and science have increased the prospects for excellent learning resources and materials to capture 
a larger share of the education market. Second, technology and digital tools make it possible to create 
rapid prototypes, gather data on their effectiveness, iteratively refine them and efficiently disseminate 
them. Third, the investments in the Interagency Education Research Initiative (IERI) program during 
the Clinton administration provided important lessons about scale-up. Fourth, the commitment to 
STEM education in the administration, the States, the business communities, and the Nation as a whole 
presents the opportunity to engage in new, more concrete, and strategic partnerships with the Federal 
Government and with the corporate and philanthropic sectors. 
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BOX 3-1 : STEM EDUCATION FUNDING AT NSF 

The list below represents the largest categories of the NSF's STEM education funding for K-12 outreach, 
informal education, and teachers. 72 The amounts reflect funding levels for FY10 and under ARRA. 

The Division of Research on Learning in Formal and Informal Settings 

Runs investigator-driven grant programs focused on research and development related to resources, models, 
and tools for students and teachers; innovative technology experiences for students and teachers; research 
and evaluation on education in science and engineering; and research experiences for teachers. 

• Discovery Research K-12 Program ($1 19 million):To advance pre-K through grade 12 sudent and teacher 
learning of the STEM disciplines through development and implementation of resources, models, and 
technologies. 

• Informal Science Education Program ($66 million): For informal science centers and new programming 
for public radio and television. 

• Research and Evaluation on Education in Science and Engineering ($46 million):To build the founda- 
tional knowledge base across the cognitive, learning, and STEM education sciences. 

The Division of Undergraduate Education 

Supports transforming undergraduate STEM education to meet the needs of the 2 1 st century. 

• Robert Noyce Fellowships ($55 million, plus $60 million in ARRA funding in FY09): For prospective 
mathematics and science teachers. 

• Mathematics and Science Partnerships ($58 million, plus $2.5 million ARRA funding in FY09): For local 
programs that bring together university science and mathematics departments in K-12 reform work 
with schools of education and local school districts. 

• National Science Distributed Learning Program ($16 million), also known as National Science Digital 
Library: To establish a national network of learning environments and multimedia resources for STEM 
education at all levels, with open access for teachers. 

The Division of Graduate Education 

Supports U.S. graduate students and innovative graduate programs that prepare tomorrow's leaders in STEM. 

• Graduate STEM Fellows in K-1 2 Education ($54 million, plus $2.5 million ARRA funding in FY09): Support 
for 875 graduate STEM Fellows who interact with teachers and students in K-1 2 schools and improve 
their communication and teaching skills, while enriching STEM education. 

H-1 B Nonimmigrant Petitioner Fees, ITEST ($25 million) 

Invests in K- 12 activities that target the shortage of STEM professionals, with a current focus on information- 
technology-intensive careers. 

72 ' Figures in this box are based on data received in response to a PCAST request whereby OMB requested data 
from Federal agencies on their STEM Education programs. These data were then collected in a central database 
by the Science and Technology Policy Institute (STPI) and expanded with additional information on the purpose 
of each of the STEM programs. For this report, PCAST analyzed data in the central database. The other data came 
directly from NSF. 
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Other Science Mission Agencies 

Beyond the NSF, many of the other science mission agencies administer significant programs in K-12 
STEM education. 

NASA. NASA's K-1 2 STEM education and outreach portfolio includes several dozen programs focused on 
NASA's centers and grantee sites around the country. The programs are funded at a level of about $88 
million annually, 73 the second largest investment by a science mission agency in K-12 STEM education. 
NASA programs include research experiences for teachers, design competition challenges for student 
teams, summer space camps and internships for students, and volunteer outreach opportunities for 
NASA employees in local schools. 74 The programs reflect a close alignment with NASA's agency-wide 
education strategy to inspire, engage, and educate through its programs. 

While space is clearly an inspiring topic for students, the NRC studied NASA's K-1 2 programs and con- 
cluded that it is hard to judge their quality and impact. 75 As with other agencies' education programs, it 
is difficult to assess the NASA programs'alignment with broader educational goals. Evaluation of K-12 
initiatives within the agency primarily involves documenting the geographic distribution of programs 
and the numbers of students, parents, and teachers who participate in the programs. The NRC panel 
charged with evaluating its K-1 2 education program in 2007 noted that the agency does not rigorously 
evaluate its education programs, nor does NASA consistently coordinate with other Federal agencies 
on its K-1 2 projects. This, the panel asserted, makes it difficult to know how effective the programs are. 

NIH. NIH's K-1 2 STEM education funding of about $46 million per year focuses primarily on bringing 
the science content behind Nl FI-supported medical discoveries to the public, primarily through grants 
to informal education centers and science museums. Programs fund science exhibits for the general 
public and forums for public education and discussion about medical research and health topics. NIH 
also funds a curriculum-supplement series that teaches state-of-the-art content using research-based 
teaching strategies. 76 Examples include an oral health guide for elementary school students, a supple- 
ment on understanding alcohol (investigations into biology and behavior) at the middle school level; and 
an educational booklet on human genetic variation for high school students. For four years (2006-09), 
NIH also supported the Science Education Partnership Awards (SEPA) program to improve life science 
literacy through educational partnerships among biomedical and clinical researchers and K-12 teachers 
and schools, museums and science centers, media experts, and other educational organizations. The 
partners provided educational resources such as classroom curricula, instructional materials, mobile 
laboratories, workshops, films, software, and websites that give K-1 2 students, teachers, and the public 
a better understanding of the life sciences. Science centers and museums across the country used SEPA 
funding to develop stationary and traveling exhibits on fundamental biology and related topics. 

Department of Commerce. The National Institute of Standards andTechnology (NIST) and the National 
Oceanographic and Atmospheric Administration (NOAA) have K-1 2 education programs with budgets 

73 ’ In response to a PCAST request, OMB requested data from Federal agencies on their STEM Education programs. 
These data were then collected in a central database by the Science and Technology Policy Institute (STPI) and expanded 
with additional information on the purpose of each of the STEM programs. For this report, PCAST analyzed data in the 
central database. 

74 ' See http://www.nasa.gov/audience/forstudents/index.html and 
http://www.nasa.gov/offices/education/performance/strategic_framework.html. 

75 ' National Research Council. (2008). NASA's Elementary and Secondary Education Program: Review and Critique. 
Washington DC: National Academies Press. 

76 ' OMB data from FIFIS/NIFI and http://science.education.nih.gov/Supplements. 
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totaling $40 million in FY1 0. NIST offers a summer institute for middle school science teachers in local 
communities. NOAA offers a wide range of outreach, informal, and K-1 2 programs focusing on weather, 
climate science, and marine and coastal environments. 77 It was not until 2007 that NOAA received an 
agency-wide mandate for education through the America COMPETES Act. The Act required that NOAA 
develop a 20-year education plan and establish a new Education Council to lead the development of 
its education program. In a recent review of NOAA's education programs, the National Research Council 
noted that NOAA's summative evaluations have been carried out on a very small proportion of educa- 
tion activities, and there has been little consideration of evaluation that would enable the agency to 
recalibrate the entire portfolio to meet its goals effectively. 78 The NRC called for NOAA to develop an 
education plan, to define outcomes as measurable concepts that allow an assessment of whether a goal 
is being reached, and to clearly distinguish its impact on audiences from its activity outputs. 

Department of Energy. The Department of Energy funds a range of programs focused on students and 
on teachers, with a budget of about $1 1 million in FY10. Some focus on students, such as the National 
Science Bowl; others, such as Academies Creating Teacher Scientists, focus on three-year programs of 
professional development for teachers in conjunction with national laboratories. In FY1 1 , a new program 
that would devote up to $15 million to K-12 STEM education has been proposed called Re-ENERGYSE; 
it will develop curricula and laboratory equipment, on-line materials, and innovative approaches to 
provide energy literacy to the K-1 2 community. 

Other agencies. The Department of Defense, the Environmental Protection Agency, the Department 
of Agriculture, the Department of Transportation, and the National Security Agency also fund various 
programs aimed at improving K-12 STEM education. The Department of Defense's largest program is 
called STARBASE, a $20 million program for students and teachers that emphasizes experiential applica- 
tions, student interaction, and problem-solving experiments. Students and teachers visit military bases 
where they learn and apply knowledge in team inquiry and then add reasoning processes to build 
understanding of applied science, mathematics and technology. The Environmental Protection Agency 
supports environmental education for the public, and the Department of Agriculture funds school 
programs to introduce students and teachers to agriculture and agricultural careers. The Department 
ofTransportation funds a general STEM education program focused on curriculum development and 
other activities related to transportation, and the National Security Agency funds the Mathematics 
Education Partnership Program. 

Overall Federal K-1 2 STEM Education Portfolio 

The current Federal investments in STEM education reflect an accumulation of programs and policies 
over several decades. The Obama administration views STEM education as a key priority; it has been 
moving to develop new blueprints for these investments to maximize their effectiveness and to improve 
coordination. 



77 ' In response to a PCAST request, OMB requested data from Federal agencies on their STEM Education programs. 
These data were then collected in a central database by the Science and Technology Policy Institute (STPI) and expanded 
with additional information on the purpose of each of the STEM programs. For this report, PCAST analyzed data in the 
central database. 

78 ' National Research Council. (201 0). NOAA's Education Program: Review and Critique. Washington, DC: National 
Academies Press. Accessible at http://www.nap.ed u/catalog/1 2867.html. 
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In support of these goals, we offer the following conclusions about prior patterns of Federal leadership 
and funding for STEM education. 

1 . Federal investments in K-1 2 STEM education in recent decades have not been sufficiently 

strategic or coordinated. The diversity of Federal projects and approaches to K-1 2 STEM educa- 
tion appears to have largely emerged without a coherent vision and without careful oversight 
of goals and outcomes. Efforts across agencies have not reflected a common set of goals and 
priorities for STEM education, and often this lack of coordination is apparent within agencies 
as well. Relatively little of the Federal funding has historically been targeted at catalytic efforts 
with the potential to transform STEM education. Where programs and practices have been 
demonstrated to be effective, there has been too little attention to replication and scale-up 
to disseminate their benefits more widely. And the Federal Government has not historically 
made good use of the potential contributions of the STEM communities in higher education, 
in industry, in Federal labs and research centers, and in nonprofit institutions. 

2. The Federal Government has historically lacked — and still lacks — sufficient leadership 
capacity dedicated to STEM education to accomplish the Nation's goals, as articulated 

by the President. Neither the Department of Education nor the NSF has strong internal 
mechanisms that are sufficient to provide leadership and coordination. Secretary of Education 
Duncan has created the position of Special Assistant for Science, Technology, Engineering and 
Mathematics Education; we applaud this first step but note that the Department needs to put 
in place much greater capacity, such as an Office of STEM Education with adequate staff and 
budget. Similarly, the NSF has provided grants for investigator-driven projects in STEM educa- 
tion, and has provided some funding for scale-up of successful projects, but has not dedicated 
sufficient focus and resources to development and scale up of successful materials and programs 
in schools to meet the Nation's needs. In addition, historically it has not adequately coordinated 
with other agencies to drive policy changes based on its research findings. 

3. The amount of Federal funding historically dedicated to STEM education has been 

relatively small. Across both the Department of Education and the science mission agencies, 
total Federal spending targeted to STEM education at the K-12 level was approximately $1.2 
billion in FYlO.This figure is small relative to total spending on K-12 education in the United 
States and to Federal spending on K-12 education. Moreover, the amount invested in R&D in 
education is miniscule relative to total spending on education; we estimate that it is roughly 
0.2 percent. We believe that this amount is not adequate to drive the kinds of improvement 
needed in STEM education, nor is it consistent with the high priority the administration places 
on STEM education. 

4. Federally-funded programs and initiatives in STEM education have not historically been 
researched and evaluated in a manner that contributes to effective program development 
and policymaking. The development of programs and policies should be coupled to systematic 
research and evaluation, ideally based on the most important outcome: student achievement 
in both the immediate term and the long term. In making investments, it is important to know 
what types of programs work well and which do not and for this knowledge to guide strategies 
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and policies. In general, there has not been a systematic process for evaluating programs across 
agencies based on effectiveness and impact. (Earlier efforts to instill such a process under the 
National Science and Technology Council have had only modest effects to date.) Moreover, 
program evaluations within agencies have not contributed to an overall Federal strategy, nor 
have they been systematically designed and used to ensure the success of STEM initiatives in 
K-12 schools. 

The Department of Education has now placed a higher priority on evaluation, and the Office of 
Management and Budget (OMB) has recently initiated discussions with agencies emphasizing the 
importance of evaluation. 79 OMB officials have noted the inconsistent manner in which evaluations are 
conducted and program outcomes are measured, as well as the failure of agencies to use evaluations 
to guide policy and program design. 80 OMB has initiated a process of making evaluations publicly avail- 
able and accessible across agencies, and it plans to form an interagency working group to promote 
stronger and more consistent evaluation of Federal programs to learn what is effective and worthwhile. 
We support such efforts. We should note, however, that we do not mean to suggest that evaluation 
should necessarily consist of randomized controlled trials for most STEM education programs; instead, 
sound and appropriate methodological approaches for evaluating STEM education programs should 
be developed and used by all agencies. 

While the lack of adequate knowledge on education program outcomes is not specific to the Federal 
Government, the Federal Government has a unique responsibility to address research challenges. 
Importantly, rigorous research on implementation of education initiatives is crucial to each of the rec- 
ommendations we make in this report. For example, we need to know: the types of school settings in 
which a given initiative is most likely to succeed; the types of teacher professional development work 
that is most likely to improve student outcomes; how new, shared standards can be improved based on 
data gathered on student learning; what types of programs work best to recruit and prepare new STEM 
teachers; and which characteristics of schools and out-of-school programs enhance student learning 
and motivation. 

It is also important that as a Nation we adopt a more realistic attitude toward all education policies and 
interventions. We cannot expect immediately to produce perfect programs through top-down decrees. 
Instead, we should learn by doing, study what we do, and adapt to the outcomes in classrooms, schools, 
and other settings to constantly improve STEM education initiatives and policy. 



79 ' Office of Management and Budget. (2009). Increased Emphasis on Program Evaluations (Memorandum M-10-01). 
Accessible at http://www.whitehouse.gov/sites/default/files/omb/assets/memoranda_201 0/ml 0-01 .pdf. On October 
7, 2009, OMB Director Peter Orzag wrote a memorandum to the heads of all executive departments and agencies 
reporting the launch of a government-wide effort to improve program evaluations. Specifically, as part of the Fiscal Year 
201 1 Budget process, OMB will allocate a limited amount of funding for agencies which, on a voluntary basis: 

• Show how their Fiscal Year 201 1 funding priorities are evidence-based or otherwise subject to rigorous 
evaluation; 

• Assess their own capacity to support evaluation and suggest pathways for strengthening that capacity; 

• Propose new evaluations that could improve government programs in the future; and 

• Identify impediments to rigorous program evaluation in their statutes or regulations. 

80 ' Ibid, and testimony of Kathryn Stack to PCAST, October 22, 2009, accessible at 

www.tvworldwide.com/events/pcast/091022. 
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Leadership and Coordination within the Federal Government 

The Obama administration has clearly signaled its intent to place much greater emphasis on K-1 2 STEM 
education programs throughout the Federal Government. What is needed is a more strategic, coherent, 
and coordinated set of programs across the agencies, as well as greater overall investment of dedicated 
funds.To achieve this coherence, new structures need to be created to ensure strong leadership, partner- 
ship, coordination, evaluation, and integration. 

Improving STEM education will require a strong new partnership between the Department of Education 
and the National Science Foundation, supported by strategic leadership within each agency. 

• The Department of Education is moving to play a more active role in K-1 2 STEM education 
under the administration's proposals.The Department has historically lacked significant internal 
leadership on STEM education. Currently, the Department has only one individual dedicated 
to creating and coordinating STEM education efforts within the Department and across agen- 
cies. It will need a new mechanism to provide leadership, strategic planning, and coordination. 
Ideally, this mechanism would be an Office of STEM Education with adequate personnel and 
budget to achieve critical goals. 

• The National Science Foundation has historically had a major influence on K-1 2 STEM education, 
but in recent years it has not placed enough emphasis on projects that can make a widespread 
impact on schools and on education policy. The NSF should expand its strategic focus in STEM 
education and broaden its approach to maximize its impact. In addition to funding basic 
research and development on STEM teaching and learning, it should seek to drive systemic 
improvements in K-1 2 STEM education by funding potentially transformative technologies and 
materials and by focusing on how its projects can be scaled up through partnerships. 

• The two agencies are complementary in their expertise. The Department of Education has 
strong ties to the Nation's schools and education policy but has lacked the strong ties to the 
STEM community that would allow it to incorporate scientific expertise into its projects. The 
National Science Foundation possesses the required staff expertise and the ties to the scientific 
community while lacking the systemic focus and levers for large-scale change that will be 
required to catalyze major changes in STEM education. A high-level partnership between the 
agencies could bridge this gap, driving systemic reform though innovative research and data- 
driven program evaluation. This partnership must be sustained by solid leadership, intertwined 
processes, and the alignment of major projects and resources. 

In addition, the efforts of the many other Federal agencies engaged in STEM education activities are not 
well coordinated. The Federal Government lacks an effective mechanism to align the strategy, execution, 
and evaluation of the STEM education activities across agencies. There have been ad hoc efforts, such 
as a temporary education subcommittee of the National Science and Technology Council (NSTC). 81 A 
standing NSTC Committee on STEM Education could help ensure a more coherent approach. 



81, This committee had a temporary duration, but its life was extended beyond the March 2009 expiration date. 
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RECOMMENDATION 3-1 : LEADERSHIP WITHIN THE DEPARTMENT OF EDUCATION 

1 . The Department of Education should continue its increased focus on STEM education through 
the creation of transformative programs and through targeting of ESEA funds to STEM educa- 
tion. The Department also should take complementary steps, such as increasing preference 
points for STEM-related initiatives in its Race to the Top and Investing in Innovation funds. 

2. The Secretary of Education should create a strong mechanism to ensure leadership and coordi- 
nation for STEM programs within the department — for example, an Office of STEM Education, 
with adequate staff and budget. Responsibilities should include developing overall strategy 
for STEM education in the department; coordinating grants and programs focused primarily on 
STEM education; ensuring that other programs in the department with STEM education compo- 
nents reflect best practices for improving STEM education; working with other Federal agencies 
to ensure that their efforts align with Federal strategy and national needs; and helping make 
scientific resources of other Federal agencies accessible and useful to schools, school districts, 
and states. 



We believe these activities will require a significant number of new full-time employees in professional 
staff positions and a corresponding number of administrative support positions, whereas currently 
only one professional full-time employee focuses on STEM at the department. To increase its capacity 
for and engagement with the STEM community, the Department of Education could consider such 
practices as using Interagency Personal Agreements (IPAs) to bring STEM experts into the department 
for several-year periods (a practice routinely used by the NSF and the Defense Advanced Research 
Projects Agency) and holding regular conferences on STEM education, to engage the STEM education 
and STEM professional communities. 



RECOMMENDATION 3-2: LEADERSHIP WITHIN THE NATIONAL SCIENCE 
FOUNDATION 

1. The National Science Foundation should expand its strategic focus in STEM education. In addi- 
tion to funding basic research and development, it should seek to drive systemic improvement 
by funding potentially transformative efforts aimed at developing educational technologies and 
fully integrated learning resources in STEM subjects and by partnering with other agencies to 
scale up the most effective projects for improving STEM education in schools. 

2. The NSF Director should create a strong mechanism to ensure leadership and coordination 
for STEM education programs within the agency. Responsibilities should include developing 
an agency-wide strategy for STEM education; ensuring that NSF projects related to K-1 2 STEM 
education identify and expand best practices for improving STEM education; and coordinating 
with other Federal agencies. 
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RECOMMENDATION 3-3: A PARTNERSHIP BETWEEN THE DEPARTMENT OF 
EDUCATION AND THE NATIONAL SCIENCE FOUNDATION 

The Department of Education and the National Science Foundation should enter into a high-level 
partnership to improve STEM education, using their complementary expertise to engage the educa- 
tion community and STEM communities. The partnership should be sustained through the designa- 
tion of committed leaders, and through the intertwined processes, projects and resources. 

The agencies should also promote the practice of research and development, data collection, 
analysis, and evaluation throughout STEM education entities so that policies are ultimately based 
on solid empirical foundations. At the same time, recognizing that it may take a decade or more to 
definitively prove the effectiveness of programs, the agencies should not be afraid to act boldly 
based on best available professional judgment. 



RECOMMENDATION 3-4: COORDINATION ACROSS FEDERAL AGENCIES 

The Federal Government should create, within the National Science and Technology Council, a 
standing Committee on STEM Education co-chaired by the Department of Education, the National 
Science Foundation, and the Office of Science and Technology Policy. 

The Committee should create a Federal STEM education strategy, should update it annually, and 
should work with OMB to ensure that STEM education programs within the Federal Government are 
aligned. 

The Committee also should help develop appropriate and consistent data planning, collection, and 
analysis techniques for evaluating programs across agencies. It should foster the development of a 
high-quality research agenda designed to ensure that Federal programs learn and improve over time. 



OSTP should request that NSTC develop, within six months, an integrated cross-agency strategic plan 
for Federal investments aligned with the President's goals for STEM education. In addition, the President 
and the Office of Management and Budget should request that all agencies include in their reauthoriza- 
tions specific language that enables them to more easily and more quickly respond to national STEM 
education goals and to collaborate with other agencies to meet those goals. We note that the recom- 
mendation above is similar to provisions in the reauthorization of the America COMPETES Act recently 
passed by the House of Representatives. 82 



Advice and Support from Outside Government 

As the Federal Government takes on a more vigorous role in STEM education in K-12 schools, it also 
needs to engage and use the expertise that resides outside its boundaries in academia, nonprofits, state 
councils, and the private sector. 

8Z The America COMPETES Act Reauthorization Act of 2010, 1 1 1 th Congress, Second Session, H.R. 5116. For full text, 
see http://frwebgate.access.gpo.gov/cgi-bin/getdoc.cgi7dbnameM 1 1_cong_bills&docid=f:h51 16rfs.txt.pdf. 



★ 40 ★ 





III. FEDERAL ROLE IN K-12 STEM EDUCATION 



The Nation needs a structure and mechanism for stakeholders and experts outside of the Federal 
Government to provide independent, objective, and data-driven guidance and advice to advance STEM 
education goals.This requires an entity that would review progress toward the critically important goals 
of moving the Nation to "the top of the pack" internationally and closing the achievement gap in STEM 
education. 

Most states have STEM leadership advisory councils that frequently report to their governors. These 
councils include representatives from K-12 education, higher education, government laboratories, 
informal science education institutions, and local industry. These advisory groups are another important 
resource for understanding states' challenges and resources and for focusing state resources on STEM 
education initiatives. Connecting with these councils and sharing data, information, and strategies will 
increase the overall leadership and coherence of STEM education efforts. 

Through its "Educate to Innovate" initiative, the administration has reached out to the private sector 
to play a more active role to support education goals across the country. While these private sector 
financial and in-kind commitments are needed and welcome, they are only an initial step toward forg- 
ing a deeper, stronger, and longer-term commitment to improving STEM education for all students. 
These private sector groups also should help make the case to the Nation's youth that STEM careers 
hold rewards, excitement, and professional satisfaction, and that the culture of STEM professions will 
be accepting and encouraging to them. 

A Commission involving businesses and universities could provide important input and feedback to 
the Federal Government about STEM education. Moreover, we believe that such a Commission would 
be most effective if done jointly with the states. 



RECOMMENDATION 3-5: A COMMISSION ON STEM EDUCATION 

We recommend that the President create an independent Commission on STEM Education, estab- 
lished in conjunction with the National Governors Association and with a life of at least ten years, to 
monitor and promote progress toward improving STEM education. 

The Commission should report once every two years on progress toward the goals of moving the 
Nation to "the top of the pack" internationally and closing the achievement gap in STEM education. 
It also should promote the importance of STEM education and propose strategies to coordinate and 
improve efforts by the Federal Government, states and localities, private industry, nonprofit science 
organizations, and universities. 



We estimate that the Commission will require modest funding for professional staff and operations. 
Private-sector groups, such as the newly formed Change the Equation, could play a key role in helping 
to organize and marshal corporate and philanthropic support for the Commission's activities. 
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CHAPTER SUMMARY 

The Nation will benefit from shared standards in STEM subjects in K-1 2 to prepare students to compete 
in a global economy. We also require high-quality assessments that truly reflect what students need to 
learn and are learning, as these will further progress in STEM education and allow educators to improve 
their approaches and materials. The recent state-led effort that has developed common core standards 
in mathematics — and the ongoing effort to develop new standards in science that could be adopted or 
aligned to by all states — signals an exciting new era for STEM education. Shared standards create the need 
and opportunity to provide better materials and professional development for teachers and to lay the 
groundwork for fair and valid assessments that measure what students have learned and benchmark U.S. 
performance against that of other countries. Continued work at the state level is vital, as is support from 
the STEM professional community to advance new science standards. The Federal Government should 
vigorously support the assessments and teacher professional development necessary to seize this historic 
moment and opportunity for shared standards. 



Introduction 

For the K-1 2 public education system in the United States to achieve excellence, it must take the 
approach that underlies excellence in any system: It must have clear, consistent goals and measure 
progress toward them. In education, a critical goal is that students achieve a certain level of understand- 
ing and skills. Standards define the level; assessments measure whether students are achieving it. 

The fact that education is largely the responsibility of states and localities in the United States has cer- 
tain advantages. It promotes local responsibility for education, allows responsiveness to local needs, 
and enables valuable experimentation with new models and approaches. However, this system also 
poses challenges, given that students will live and work in settings that are increasingly national and 
international. 

Most important for STEM education, the education system in the United States has produced a situa- 
tion in which 50 different sets of standards exist for mathematics and for science. 83 This fragmentation 
makes the system less coherent, less effective, and less efficient. Students, states, and the Nation would 
be better served by standards and assessments that are broadly shared, for several reasons. First, the 
Nation increasingly competes in a global economy in which science and technology are central. The 
principles and practices of mathematics and science do not differ across geographic boundaries: the laws 
of nature are the same in Biloxi, Boise, and Boston — and, importantly, in Beijing, Bangalore, and Brazil. 
To be broadly prepared to participate and compete in a world economy driven by STEM-based innova- 
tions, our students need a common, strong foundation of knowledge and skills. Second, families in the 

83 ' In the case of technology and engineering, most states have no standards at all. [See: Association for Computing 
Machinery. (2006). A Model Curriculum forK-12 Computer Science: Final Report of the ACM K-12 Task Force, Second Edition. 
New York: Association for Computing Machinery. See also: National Academy of Engineering. (2009). Engineering in K-12 
Education: Understanding the Status and Improving the Prospects. Washington, DC: National Academies Press.] 
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United States frequently move across state lines, and differing standards create difficulties for students 
and teachers alike. Third, shared standards and assessments will facilitate cross-state comparisons to 
help schools identify and implement the country's best educational practices. Shared standards will 
promote accountability — of students, teachers, schools, and systems — and will help to identify both 
strengths and weaknesses in the system. And fourth, shared standards will create a large and more 
unified marketplace for educational goods and services. Expanding and defining that marketplace will 
provide the incentives needed to drive creativity and innovation in the development of state standards 
and assessments, as well as in the development of high-quality instructional materials, educational 
technologies, and professional development for teachers and school leaders. 

In addition to being shared, standards and assessments should reflect what students truly need to 
know. Standards should be aimed not at memorizing facts but at achieving a combination of factual 
knowledge, conceptual understanding, procedural skills, and habits of thought. Assessments should 
measure the extent to which students have mastered this full range of learning. Although such high- 
quality assessments are more expensive to develop and score, they will ultimately save money by 
ensuring that other investments throughout the education system achieve their aims. 

Shared standards, however, do not imply Federal standards. In many sectors and industries, consistent 
standards that span the country or the world provide a common base of knowledge, understanding, 
and expectations that guide individual strategies and policies. Individual actors, whether states and 
localities or firms, make decisions guided by such standards and innovate upon them. Some states may 
adapt the shared standards to meet their needs. It is important, however, that these standards align 
with each other; almost every country that does well in international comparisons of STEM education 
has shared standards of some sort. 

In this chapter, we provide a brief history of efforts to develop STEM education standards in the United 
States. This is followed by a discussion of assessments that are fair and valid and measure important 
knowledge and skills in ways that provide valuable feedback to students and teachers while also pro- 
viding data that are useful for school accountability. We then make recommendations concerning the 
critical role the Federal Government can play in encouraging the work of the state-led shared standards 
movement. 

We emphasize that the Federal Government does not itself define the curricula, standards, or assess- 
ment used in public schools in the United States. This is a responsibility of state and local authorities 
throughout the Nation. The movement toward common standards is an effort originating from and led 
by the states. The Federal Government's role should be to support these state-led efforts. 

Initial Efforts at Standards 

Mathematics and science are just two components of a complex K-1 2 education system. And while 
mathematics and science are linked together in common parlance and are intertwined in practice, they 
are often treated quite separately in our education system. The historical emphasis in public schools on 
"reading, writing, and arithmetic"has contributed in part to the dominance of mathematics and English 
language arts, especially in grades K-8. More recently, high-stakes annual testing required by the No 
Child Left Behind Act in these subjects, beginning in grade 3, has reinforced that emphasis. Science 



★ 44 ★ 



IV. SHARED STANDARDS AND ASSESSMENTS 



and technology, while important, have not played a prominent role in the curriculum, especially in the 
early grades. 

The differences between the mathematics and science communities also have led to differences in the 
development of mathematics and science standards over the past 25 years. 

Mathematics Education Standards. The National Council of Teachers of Mathematics (NCTM) devel- 
oped the first K-1 2 mathematics education standards for the country in 1 989. Around the same time, the 
National Research Council created the Mathematical Sciences Education Board (MSEB), which brought 
together various mathematics research and education constituencies to focus on understanding math- 
ematics learning at the K-1 2 and undergraduate levels and improving mathematics education. MSEB 
used several mechanisms (convocations, symposia, focused sessions at annual professional meetings, 
and publication of reports) to engage the full mathematics community and policy makers in discussions 
about what mathematics education should be in the nation's schools and universities. 

After the mathematics standards were released in 1 989, the states put forth significant effort throughout 
the 1 990s to adopt, adapt, or develop their own school mathematics standards; they also developed 
new curricula, instructional materials, assessments, and teacher professional development. This period 
also saw what came to be called the"math wars, "pitting traditionalists who favored basic skills such as 
arithmetic against reformers who favored mathematical understanding. Those disputes have subsided 
in recent years with the more widespread recognition that effective education requires both aspects; 
it also requires much more. 

In 1 995, NCTM recognized that its Standards would need to be periodically examined, evaluated, and 
revised to remain relevant. After an extensive drafting and review process, in 2000, NCTM published 
"Principles and Standards for School Mathematics, "or PSSM.The Principles established a foundation for 
school mathematics programs by considering the broad issues of equity, curriculum, teaching, learn- 
ing, assessment, and technology. The Standards for school mathematics describe an ambitious and 
comprehensive set of goals for mathematics instruction, and the basic skills and understandings that 
students will need to function effectively in the 21 st century. 

Similar issues were expressed in the report of National Mathematics Advisory Panel in 2008, 84 which 
concluded that: 

• The mathematics curriculum in Grades Pre K-8 should be streamlined and should emphasize a 
well-defined set of the most critical topics in the early grades. 

• Standards and curricula should make use of what is known from rigorous research about how 
children learn, especially by recognizing (a) the advantages for children in having a strong start; 
(b) the mutually reinforcing benefits of conceptual understanding, procedural fluency, and 
automatic (i.e., quick and effortless) recall of facts; and (c) that effort, not just inherent talent, 
counts in mathematical achievement. 

• Our citizens and their education leadership should recognize mathematically knowledgeable 
classroom teachers as having a central role in mathematics education and should encourage 



84 ' National Mathematics Advisory Panel. (2008). Foundations for Success: The Final Report of 
the National Mathematics Advisory Panel. Washington, DC: Department of Education. Accessible at 
http://www2.ed.gov/about/bdscomm/list/mathpanel/report/final-report.pdf. 
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rigorously evaluated initiatives for attracting and appropriately preparing prospective teachers, 
and for evaluating and retaining effective teachers. 

• Instructional practice should be informed by high-quality research, when available, and by the 
best professional judgment and experience of accomplished classroom teachers. High-quality 
research does not support the contention that instruction should be either entirely "student 
centered" or "teacher directed." Research indicates that some forms of particular instructional 
practices can have a positive impact under specified conditions. 

• NAEP and state assessments should be improved in quality and should carry increased emphasis 
on the most critical knowledge and skills leading to Algebra. 85 

Science Education Standards. Efforts to describe a body of knowledge to guide science education 
emerged in the mid-1980s. The American Association for the Advancement of Science (AAAS) led the 
initial effort and published "Science for All Americans"in 1 989 and"Benchmarks for Science Literacy"in 
1 993. These products of AAAS's Project 2061 86 were envisioned as AAAS's long-term initiative to advance 
literacy in science, mathematics, and technology. The benchmarks were not intended to be adopted 
as standards, but they were and continue to be influential in shifting public and professional thinking 
about the purposes of science and mathematics education. 

In the early 1 990s, a parallel and complementary effort began, managed by the National Research 
Council (NRC), to produce science education standards. This process was furthered by the Goals 2000: 
Educate America Act that was signed into law in 1994, which established standards in mathematics, 
science, and other subjects, in order to meet the national goal of U.S. students being first in the world 
in science and mathematics achievement by 2000 — a goal that was manifestly not achieved. In early 
1 996 the NRC published the National Science Education Standards, which included content standards 
for science as well as standards for teaching, professional development, assessment, science education 
programs, and education systems. 

In the years that followed, states adopted science standards using elements of both the AAAS's and the 
NRC's work and with varying levels of fidelity to the source documents. These standards efforts, how- 
ever, did not always have the effects their authors intended. The standards were supposed to provide 
templates that the states could use to produce their own sets of high, unified standards that would set 
ambitious learning goals for students. In turn, the standards would motivate the creation of high-level 
instructional materials and assessments that would improve student learning in science, mathematics, 
and technology. 

Instead, the states produced sets of standards that were often quite different from the national standards 
and from each other's, with greatly varying content, structure, and quality. Many of the state-level stan- 
dards emphasized low-level skills and large bodies of factual content rather than the high-level abilities 
and central concepts emphasized in the national standards. 

85 ' The National Mathematics Advisory Panel (2008) concluded that while the NAEP framework is sufficient to 
support the main conclusions about national and states progress in mathematics since 1 990, it does not provide 
enough guidance to test developers or measurement precision for low-achieving students. Furthermore, the NAEP 
mathematics assessment could benefit from better quality of and more evidence for test item design, including a move 
in the direction of computerized adaptive testing. National Mathematics Advisory Panel. (2008). Foundations for Success: 
The Final Report of the National Mathematics Advisory Panel. Washington, DC: U.S. Department of Education. 

86 ' Project 2061 was launched in 1985, the last time Haley's Comet was visible from Earth. The next time it will 
reappear is in 2061, hence the project's name. 
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In most states, there are so many standards it is difficult to imagine that teachers can cover the full range 
of information — much less impart understanding — in a given school year. In one large state, there are 
1 5 sets of knowledge and skills for mathematics (with subsections under each set) and 1 0 sets for sci- 
ence — in kindergarten! The standards increase in number and complexity with each grade level, so that 
in grade 3 students are expected to, for example, "connect Grade 3 science concepts with the history of 
science and contributions of scientists." 

The scientific community itself often contributes to the problem, with each discipline angling to include 
specific details in the standards from its domain. In one large state, high school biology has 67 specific 
standards, including "Students know the role of the endoplasmic reticulum and Golgi apparatus in the 
secretion of proteins.'The distinguished cell biologist Bruce Alberts, former President of the National 
Academy of Sciences and a member of the PCAST STEM Education Working Group, sees little purpose 
in that standard. John Holdren, Assistant to the President for Science and Technology, Director of OSTP, 
and co-chair of PCAST, observed at a recent public meeting of PCAST that he has worked as a scientist 
for 40 years without knowing what the endoplasmic reticulum is. This example is merely illustrative, 
but it demonstrates the problem with state standards consisting of long lists of factual material that 
students are supposed to memorize. 

Educational publishers, in an effort to produce materials that could be used in as many states as pos- 
sible, have produced textbooks crammed so full of facts that the central concepts of a field are difficult 
to discern and apply. And annual assessments, despite some promising experimentation, have focused 
largely on low-level skills and factual recall rather than the capabilities students need in the21 st century. 
This could account for our students'lackluster performance on national and international assessments 
of mathematics and science. On the TIMSS assessments, for example, which emphasize basic skills and 
factual knowledge learned in classrooms, U.S. students rank in the middle of the pack. On the PISA 
tests, which focus on 1 5-year-old students'application of conceptual understanding and scientific think- 
ing to problems and decisions, American students perform in the bottom ranks. 



Rethinking Standards 

Over the last decade, research has led to a deeper understanding of how people learn and has pro- 
vided powerful insights into the learning of mathematics and science from the novice to expert levels. 
Committees of experts convened by the National Research Council have reviewed knowledge about 
mathematics and science learning and about the abilities most important to cultivate in students. Such 
research is now informing new efforts to rethink standards in mathematics and science. 

In addition, important lessons emerged from initial efforts to create shared standards that have shaped 
a new approach. Past standards lacked a sense of prioritization of what was most important for students 
to learn and for educators to teach, which made them difficult to put into practice. New efforts on the 
part of NRC and other organizations have taken into account this history and have responded to it. 

In 2001 an NRC panel identified the key strands for effective mathematics education. Those strands 
balance the need for skills to carry out mathematical procedures with the need for conceptual under- 
standing and complex reasoning (see Box 4-1). The idea is to expose students to elegant concepts and 
patterns in mathematics so they can understand its beauty while also teaching them skills they need to 
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apply those concepts, enabling them to see the utility and relevance of mathematics. In 2007 an NRC 
panel published a parallel set of strands for science education (see Box 4-2). These strands transcend the 
emphasis on low-level factual recall found in many science classes today to include the skills needed to 
solve complex problems, work in teams, and interpret and communicate scientific information. 



BOX 4-1 : STRANDS FOR MATHEMATICS EDUCATION 

In 2001 , a National Research Council committee sought to transcend the historical debate about which was 
more important in mathematics education — understanding or skills — by identifying five key strands in 
effective mathematics education: 

1 . Conceptual understanding — comprehension of mathematical concepts, operations, and relations. 

2. Procedural fluency — skill in carrying out procedures flexibly, accurately, and appropriately. 

3. Strategic competence — ability to formulate, represent, and solve mathematical problems. 

4. Adaptive reasoning — capacity for logical thought, reflection, explanation, and justification. 

5. Productive disposition — habitual inclination to see mathematics as sensible, useful, and worthwhile, 
coupled with a belief in diligence and one's own efficacy. 

Source: National Research Council. (2001). Adding it Up: Helping Children Learn Mathematics. Washington, DC: 
National Academies Press. 



BOX 4-2: STRANDS FOR SCIENCE EDUCATION 

In 2007, another National Research Council committee examined how science is learned and the critical 

stages in children's development of scientific concepts. The committee created a new framework for profi- 
ciency in science and defined four key strands of science education, recommending that students should: 

1 . Know, use, and interpret scientific explanations of the natural world. Students acquire facts and concep- 
tual structures that incorporate those structures and use them to understand many phenomena in the 
natural world. 

2. Generate and evaluate scientific evidence and explanations. Students have the knowledge and skills to 
build and refine models based on evidence, including designing and analyzing empirical investigations 
and using empirical evidence to construct and defend arguments. 

3. Understand the nature and development of scientific knowledge. Students recognize that science is a 
particular kind of knowledge with its own sources, justifications, and uncertainties, and that predictions 
or explanations can be revised on the basis of new evidence or a new conceptual model. 

4. Participate productively in scientific practices and discourses. Students understand the norms of the 
practice of science and how to participate in scientific debates or adopt a critical stance, and they are 
willing to ask questions. 

Source: National Research Council. (2007). Taking Science to School. Washington, DC: National Academies Press. 
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In the mid-2000s several research and policy efforts directed at education reached the same conclusion: 
student achievement at all levels would benefit from fewer, clearer, and higher standards.These efforts 
have been coordinated and integrated with the NRC's work to shape new standards. 

In mathematics the National Council of Teachers of Mathematics, which developed the first national 
mathematics standards effort, began a"focal points"project to describe important mathematical topics 
for each grade level from pre-kindergarten to eighth grade. 87 The idea was that these areas of instruc- 
tional emphasis could then serve as organizing structures for curriculum design and instruction at and 
across grade levels. Also, Achieve — an independent, nonpartisan, nonprofit organization created in 1 996 
by the nation's governors and corporate leaders to help states raise academic standards and graduation 
requirements, improve assessments, and strengthen accountability — became active in trying to move 
states toward more coherence in mathematics and language arts through its America Diploma Project 
and K-12 Benchmarks. 

Recently, the Carnegie Corporation of New York and the Institute for Advanced Study looked in depth at 
mathematics and science education — including content, teaching and learning, and schools and school 
systems.These organizations concluded that a huge opportunity exists to transform American education 
by enabling higher levels of mathematics and science learning for all American students. Their report 
called for "common standards in mathematics and science that are fewer, clearer, and higher, coupled 
with aligned assessments." 88 

Shared Standards Movement 

These calls for reform have added impetus to an important new effort led by the states to establish 
shared standards in specific subjects. In 2009, the National Governors Association (NGA) and the Council 
of Chief State School Officers (CCSSO), working with Achieve, Inc., and with the college entrance testing 
organizations ACT Inc. and the College Board, initiated the Common Core State Standards Initiative, 
focusing on mathematics and English-language arts. 89 Teachers, school administrators, and subject 
matter experts developed the standards, with opportunities for input from a wide range of stakeholders. 
Final K-12 standards in mathematics and English-language arts were released in June 2010. As of the 
publication date of this report, 36 states and the District of Columbia have agreed to adopt — or adapt 
their standards to align with — the common core standards in mathematics and English language arts. 
Adoption and alignment of standards can in turn be expected to drive changes in instructional materials, 
assessments, and professional development. 

A complementary effort is under way in science. A committee of the National Research Council is produc- 
ing a framework that will be used to develop the new science standards. 90 The framework is scheduled 

87 ' National Council of Teachers of Mathematics. (2006). Curriculum Focal Points for 
Prekindergarten through Grade 8 Mathematics: A Quest for Coherence. Reston, VA: NCTM. Accessible at 
http://www.nctm.org/catalog/product.aspx?ID=13089. 

88 Commission on Mathematics and Science Education. (2009). The Opportunity Equation: Transforming 
Mathematics and Science Education for Citizenship and the Global Economy. Carnegie Corporation of New York and the 
Institute for Advanced Study. 

89 ' National Governors Association, Council of Chief State School Officers, and Achieve, Inc. (2008). Benchmarking for 
Success: Ensuring U.S. Students Receive A World-Class Education. Washington, DC: National Governors Association. 

9a The NRC's science education framework committee's work is funded by the Carnegie Corporation of New York. 
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to be completed by early 201 1, with the development of full K-12 science standards by the organization 
Achieve, Inc., through an iterative process involving states and stakeholders and in consultation with 
professional groups, to be completed by the end of 201 1. It will be very important for state-level groups 
such as the National Governors Association and Council of Chief State School Officers to promote the 
standards as soon as they are completed, so that states can adopt them and begin the work of helping 
students reach these levels of achievement. 



Technology and Engineering 

To date, most states have no standards in technology and engineering subject areas. 9192 Yet, a basic 
understanding of technology and engineering is important if our children are to contribute to and 
compete in a rapidly changing society and an increasingly interconnected global community. We sup- 
port recent efforts to develop assessments of technological learning 93 and to incorporate aspects and 
examples of technology and engineering (and design principles) both in mathematics standards and 
in the framework for science standards. 94 95 

We also believe that there is an urgent need for well-designed courses in technology and engineering, 
with high-quality instructional materials, particularly in high schools. Computer-related courses should 
aim not just for technological literacy, which includes such utilitarian skills as keyboarding and the use 
of commercial software packages and the Internet, but for a deeper understanding of the essential 
concepts, methods and wide-ranging applications of computer science. Students should gain hands-on 
exposure to the process of algorithmic thinking and its realization in the form of a computer program, 
to the use of computational techniques for real-world problem solving, and to such pervasive com- 
putational themes as modeling and abstraction, modularity and reusability, computational efficiency, 
testing and debugging, and the management of complexity. Where feasible, active learning, higher-level 
thinking, and creative design should be encouraged by situating new concepts and techniques within 
the context of applications of particular interest to a given student or project team. 

Over the past few years, a number of organizations have begun to formulate guidelines, principles, 
and proposed standards for the incorporation of technology-related subject matter within the K-12 
curriculum. The Association for Computing Machinery (ACM) has developed a model K-12 computer 
science curriculum 96 that presents a framework within which school districts and state departments of 

91 ' National Academy of Engineering. (2009). Engineering in K- 12 Education: Understanding the Status and Improving 
the Prospects. Washington, DC: National Academies Press. 

92 ' Association for Computing Machinery. (2006). A Model Curriculum for K-12 Computer Science: Final Report of the 
ACM K-12 Task Force Second Edition. New York, NY: Association for Computing Machinery. 

93 ' NAEP is developing pilot technology literacy assessments. A framework for this work was approved by the 
National Assessment Governing Board in May 2010. The assessment will be administered in 2014. For more information, 
see http://www.edgateway.net/cs/naepsci/print/docs/470. 

94 On July 12, 2010, the National Research Council released for public comment a draft of a framework for science 
education standards. The draft includes a three-dimensional framework. The first dimension describes disciplinary core 
content, including core ideas in the life science, earth sciences, physical sciences, and engineering and technology. The 
second dimension includes cross-cutting elements with applicability across science disciplines. The third dimension 
describes science and engineering practices. 

95 ' Association for Computing Machinery. (2006 ). A Model Curriculum for K-12 Computer Science: Final Report of the 
ACM K-12 Task Force Second Edition. New York, NY: Association for Computing Machinery. 

96 - Ibid. 



★ 50 ★ 



IV. SHARED STANDARDS AND ASSESSMENTS 



education can revise their curricula and standards to include key elements of computer science and 
computational thinking. In 2005, the Computer Science Teachers Association (which evolved from 
the ACM's K-1 2 Task Force) produced a report that proposed a set of principles and guidelines aimed 
at improving high school computer science education. 97 In a project sponsored by NSF's Directorate 
for Computer and Information Science and Engineering (CISE), the College Board is developing a new 
Advanced Placement course designed to introduce students to the central ideas of computing, computer 
science, and computational thinking. 98 Although each of these efforts has had a somewhat different 
focus, they are generally reflective of a shared perspective on many of the most important aspects of 
K-1 2 education in IT-related areas. 

Engineering education must motivate students to understand concepts and principles, yet it must 
also engage them to actively design and build and to solve challenges they encounter. The National 
Academy of Engineering recently evaluated the Nation's needs with respect to engineering education 
in K-1 2 and has helped highlight the key concepts and abilities that students should acquire. 99 The 
NAE report also presents general principles for K-1 2 engineering education, including the emphasis 
of engineering design; the incorporation of developmentally appropriate mathematics, science, and 
technology knowledge and skills; and the promotion of"engineering habits of mind." Programs such as 
Project Lead the Way have already made strides in integrating engineering and design principles into 
K-1 2 curriculum and form a useful basis for future efforts. 

The essential components of technological and engineering education will evolve over time, and it is 
important that the Nation continue to consider the skills and knowledge that K-1 2 education should 
provide to all students. Scattered examples of'school to work" programs around the United States have 
demonstrated the value of using technical education and workplace linkages as a way to improve the 
academic preparation of all students, whether they are headed directly into the workforce or into two- 
year or four-year colleges. 

Assessments 

Standards are only a part of the equation. To implement standards well, schools require leadership, 
high-quality instructional materials aligned to standards, and well-prepared teachers. We address 
these needs in our recommendations below. Beyond these elements, the Nation also requires a major 
complementary investment in high-quality, meaningful assessments. Standards are only valuable if 
students, teachers, and schools have effective ways to tell if they are achieving the standards — and to 
be held accountable by parents, districts and States. In addition, the true meaning of a standard is often 
unclear until the corresponding assessment has been defined. 100 (See Box 4-3.) 

There are several types of assessments: Formative tests are used in the process of teaching a concept 
or skill. Teachers can use formative assessments to shape what content to provide and howto teach it; 
students can use formative tests to assess their own progress. Summative assessments measure student 

97 ' Computer Science Teachers Association. (2005). The New Educational Imperative: Improving High School Computer 
Science Education. New York: Association for Computing Machinery. 

98 ' For further information on the Advanced Placement CS: Principles course, see http://csprinciples.org. 

National Academy of Engineering. (2009). Engineering in K- 12 Education: Understanding the Status and Improving 
the Prospects. Washington, DC: National Academies Press. 

100 ' Paul Bambrick-Santoyo. (201 0). Driven by Data: A Practical Guide to improve Instruction. San Francisco: Jossey- 

Bass. 
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learning retrospectively, after a unit has been taught or a concept completed, so that teachers can 
see whether and which students grasped and retained the material they covered. Both formative and 
summative assessments are given within the context of courses and inform student work and teacher 
practice. Teachers typically drive how and when they give these assessments (with exceptions such as 
those given for AP and IB courses and by the Algebra II consortium). End-of-year summative tests are 
generally given to see whether individual students have achieved particular levels of learning and how 
well groups of students are achieving. By and large, they do not inform students about their perfor- 
mance in ways that can affect the learning process during the course of the school year. They are used 
to benchmark and track overall progress. Importantly, they can have a powerful effect on what school 
systems demand from teachers, particularly when the results lead to rewards or punitive consequences. 
Under the No Child Left Behind Act, for example, schools are assessed on a proficiency scale based on 
student performance and are required to make annual progress for all student groups, with all students 
expected to be at proficiency or above by 2014. Finally, research assessments are used to inform the 
development of curricula, instructional materials, and teaching methods. 

The administration recognizes the need for new high-quality assessments and has allocated $360 million 
in FY1 0 for a competition in which consortia of states develop new assessments for college- and career- 
ready standards for mathematics and English language arts.Two consortia of states — one involving 31 
states, the other 26 states — have been selected to develop these assessments. The emergence of groups 
of states self-organized to support the development of shared assessments is a departure from the tra- 
ditional state-by-state assessment development process in which each state contracts with companies 
to develop state-specific accountability measures for the grades tested (generally each year in grades 
3 through 8, and once in high school). The administration also has allocated $30 million for high school 
end-of-course assessments. Plans include at least three board examination systems in lower-division 
high school grades and five in the upper division — in English, mathematics, science, history, and three 
career and technical occupational groupings. 

The Need for Clear, High-Quality Assessments. A useful assessment makes clear whether a student 
has met a standard and reveals what teachers should be covering to help their students advance. But 
the appropriate formative and summative assessments for a given standard are often not obvious; nor 
are such assessments necessarily aligned with what is measured in current accountability exams. For 
example, in New Jersey, one standard stipulates that students in grade 7 should be able to "understand 
and use ratios, proportions, and percents in a variety of situations." In his book Driven by Data, Paul 
Bambrick-Santoyo shows how this single standard can correspond to a wide range of possible levels of 
understanding of ratios, proportions, and percents, depending on how the standard is assessed (see Box 
4-3). In short, the meaning of a standard only becomes clear in light of the difficulty, scope, and design 
of the questions used to assess it. Bambrick-Santoyo writes that "if teachers were given this standard 
without clarification and commentary, no one could fault them"ifthey taught only the skills needed to 
answer an easy problem, even if the end-of-year state test demanded skills necessary to answer a very 
difficult problem. 
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BOX 4-3: ONE STANDARD, MANY WAYS TO ASSESS 

The true meaning of a standard often only becomes clear when one specifies the corresponding assess- 
ments Practical Guide to Improve Instruction by Paul Bambrick-Santoyo illustrates this point nicely by 
giving alternative question that might be used to assess a single state standard. 

The standard reads: "Understand and use ratios, proportions and percents in a variety of situations." (New 
Jersey's Core Curriculum Content Standards for Mathematics, Grade 7, 4.1 A3.) Six different assessment 
questions that could be said to be"aligned"to the standard are: 

1. Identify 50% of 20. 

2 . Identify 67% of 81. 

3 . Shawn got 7 correct answers out of 10 possible answers on his science test. What percent of questions 
did he get correct? 

4 . JJ. Redick was on pace to set an NCAA record in career free throw percentage. Leading in the NCAA 
tournament in 2004, he made 97 of 104 free throw attempts. What percentage of free throws did he 
make? 

5 . JJ. Redick was on pace to set an NCAA record in career free throw percentage. Leading into the NCAA 
tournament in 2004, he made 97 of 1 04 free throw attempts. In the first tournament game, Redick 
missed his first five free throws. How far did his percentage drop from before the tournament game to 
right after missing those free throws? 

6. JJ. Redick and Chris Paul were competing for the best free-throw shooting percentage. Redick made 
94% of his first 1 03 shots, while Paul made 47 of 51 shots. 

a. Which one had a better shooting percentage? 

b. In the next game, Redick made only 2 of 10 shots while Paul made 7 of 10 shots. What are their new 
overall shooting percentages? 

c. Who is the better shooter? 

d. Jason argued that if Paul and JJ. each made the next 1 0 shots, their shooting percentages would go 
up the same amount. Is this true? Why or why not? 

Source: Paul Bambrick-Santoyo. (2010). Driven by Data: A Practical Guide to Improve Instruction. San Francisco: Jossey- 
Bass, pp. 6-7. 



Assessments require just as much attention and clarity as the standards themselves.To effectively teach 
STEM and raise student achievement to the level of standards and beyond, schools and teachers also 
need much more support in acquiring, delivering, and learning from assessments.The assessments must 
reflect what we want students to learn. As important, assessments need to be fair, valid, and transparent 
to maintain the public's trust. It is crucial, moreover, that teachers agree to, embrace, and fully understand 
assessments so that they fulfill their purpose. School and school district leaders should also have an 
understanding of the assessments and their useful ness. They should know how to use the data yielded 
by assessments for reporting, management, and administration purposes. 
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Assessments aligned with new state standards also need to foster high-quality teaching rather than 
discourage it. Such assessments should measure higher levels of thinking and reasoning as well as 
students' content knowledge and skills.They need to help all students achieve at high levels while not 
holding back students who want to explore a subject more quickly or at a deeper level. Thus, when 
teachers aim to increase student scores on these assessments, they should foster all the types of learn- 
ing that the standards emphasize — not merely the factual recall aspects of learning that are by far the 
easiest and least expensive to test. A good assessment encourages quality teaching and learning. This 
is no small feat given that excellence in STEM education means cultivating in students not simply the 
ability to answer predictable questions, but the capacity to pose probing questions and to figure out 
methods of answering those questions. 

Most current assessments fail to meet these goals. Observers and educators note that they tend to over- 
represent low-level skills and factual recall, which may lead teachers to drill students on specific skills 
and facts they need for the test. Current tests often do a mediocre job of measuring the understanding 
and application of core concepts and principles, and they typically neglect the higher-order reasoning, 
problem-solving skills, and mathematical and scientific creativity that students need for college and 
for their careers. 

The reason for the widespread use of these annual mathematics and science assessments is clear: 
Assessments that measure the ability to apply concepts and reasoning are harder to write and are more 
expensive to administer and score. Currently, average annual state-assessment costs for mathematics, 
reading, and writing are about $20 per student. For a moderately sized state, a four-year testing cycle 
costs about $52 million. 101 The national costs for annual state assessments required by the No Child Left 
Behind Act are estimated to be in excess of $800 million. 102 ' 103 Most of the costs are borne by the states, 
with the Federal Government providing about $400 million annually to support required testing pro- 
grams. Innovative, higher quality assessments are estimated to cost considerably more than traditional 
assessments — perhaps as much as $56 per student per year for mathematics, reading, and writing, with 
lower costs estimated if consortia of states organize to develop and administer assessments (see Box 4-4). 

Inexpensive mathematics and science assessments, however, represent a false economy. They can 
undermine mathematics and science programs when teachers feel obligated to teach to poor tests. 
An annual educational investment of as much as $10,000 or more per student should not be driven 
by assessments costing $20 per student or less. Moreover, technology-based assessments have the 
potential to make such high-quality assessments available at a lower cost. 

Currently, most states contract with testing companies to produce assessments that are aligned with 
their own specific standards. Developing the assessments accounts for about 25 percent of the total cost; 
the remainder of the cost is in administering the tests. This state-by-state development process is inef- 

101 ' B. Topol, J. Olson, and E. Roeber. (2010). The Cost of New Higher Quality Assessments: A Comprehensive Analysis 
of the Potential Costs for Future State Assessments. Stanford, CA: Stanford University, Stanford Center for Opportunity 
Policy in Education. In a four-year cycle, Year 0 includes development costs for the assessment program; Years 1-3 are the 
operation of a conventional comprehensive assessment program. 

10Z Ibid. 

103 ' Topol et al. define a "moderately sized state"as having about 125,000 students per grade tested in grades 3-8, 
and 1 0. Students are tested in mathematics, reading, and writing using a pencil and paper summative assessment. Ibid, 

P- 12. 
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ficient and costly and impedes comparison of results across states. Shared standards and assessments 
will make the process more efficient and could be used to refocus assessments on higher level skills and 
knowledge. Online assessments could drive costs even lower. (Box 4-4 summarizes cost models for new 
assessments.) Although the cost of developing higher quality assessments will initially be higher, the 
information gathered from such assessments will be more valuable for students and teachers, as well 
as for purposes of accountability. 

The critical goal for new assessments is that they should truly reflect what we want students to learn. 
When teachers teach with the goal of improving test scores (that is, when they "teach to the test"), it 
should be the case that they are emphasizing the higher level skills that all students will need for suc- 
cess as adults in today's world. Creating assessment systems that meet this goal will require vigorous 
support for long-term, high-quality research in actual schools and classrooms focused on producing 
the feedback needed for successive improvements of assessment systems. 

Benchmarking. In addition to state assessments tied directly to common standards, it is important to 
increase participation in key national and international assessments, including the NAEP, the TIMSS, 
and the PISA. Participation in these tests will provide crucial information that will allow states and the 
Nation to benchmark U.S. performance against high-performing nations. PISA, because of its emphasis 
on conceptual understanding, critical thinking, and problem solving, may be especially important as a 
method to measure progress in STEM education. 

Role of Technology in Assessment. The Department of Education has recognized that the collection 
and use of data is a critical foundation for improvement, including it in the Department's four assurances. 
One reason that teachers, schools, and school systems collect and use too little data is that the process 
is so difficult. Creating, administering, and evaluating assessments is time-consuming. Here, we believe 
that technology can and must play an important role. 

The recent National Education Technology Plan noted 104 that: "Most of the assessment done in schools 
today is after the fact and designed to indicate only whether students have learned. Little is done to 
assess students' thinking during learning so we can help them learn better. Nor do we collect and aggre- 
gate student-learning data in ways that make the information valuable to and accessible by educators, 
schools, districts, states, and the Nation to support continuous improvement and innovation. We are 
not using the full flexibility and power of technology to design, develop, and validate new assessment 
materials and processes for both formative and summative uses. With better technology, as well as better 
regulations and standards concerning data, the end-of-year assessments required for schools to secure 
Federal funding can be made more meaningful and at lower cost. We elaborate on this topic in Chapter 6. 



,04 ' Excerpt from page 25, Office of Educational Technology, U.S. Department of Education. (201 0). Transforming 
American Education: Learning Powered by Technology. Washington, DC: U.S. Department of Education. Accessible at 
http://www.ed.gov/sites/default/files/NETP-2010-final-report.pdf. 
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BOX 4-4: COST APPROXIMATION MODELS TO DEVELOP & ADMINISTER NEW 
ASSESSMENTS 

Today most states contract with testing companies to produce annual assessments that are aligned with 
their own specific content standards. Annual national costs are estimated to be more than $800 million. 
This distributed process is costly. It also impedes comparison of assessments results across states. Shared 
standards and assessments will make the process more efficient and could be used to refocus assessments 
on higher-level skills and knowledge for all students. 

The costs for higher-quality assessments that truly reflect the goals of the new standards will initially be 
higher. The information gathered, however, would be more valuable for students and teachers and for 
purposes of accountability. It would also better reflect the content that teachers should teach and that 
students should learn in math and science. 

The precise costs are difficult to know with certainty, but a recent analysis provides some estimates. If indi- 
vidual states developed their own assessments, the per-student cost would rise from about $20 to about 
$56 per student per year for mathematics, reading, and writing combined. 105 The cost models indicate that 
consortia of states (ranging from 1 0 to 30 states) working together to develop higher quality assessments 
could both increase the quality of assessments and drive the costs down by 30 percent (and online assess- 
ments could drive the costs even lower, as will scoring methods that involve teachers). 105 107 While the 
assessments would still be more expensive than they are today, better assessments would drive the kind of 
teaching and learning the Nation needs. 



PER-PUPIL COST OF HIGHER QUALITY ASSESSMENTS, PER YEAR, BY 
CONSORTIUM SIZE 

ASSESSMENT COSTS FOR MATHEMATICS, READING, AND WRITING 



Size 


YearO 


Year 1 


Year 2 


Year 3 


Average 
Per Pupil 


1 State 


$8.93 


$52.07 


$51.97 


$54.05 


$55.67 


1 0 States 


$1.33 


$40.54 


$41.83 


$43.51 


$42.41 


20 States 


$1.00 


$38.86 


$40.26 


$41.87 


$40.66 


30 States 


$0.86 


$37.10 


$38.49 


$40.03 


$38.83 


Source: Topol, B., Olson, 1, and Roeber, E. (2010). The Cost of New Higher Quality Assessments: A Comprehensive 
Analysis of the Potential Costs for Future State Assessments. Stanford, CA: Stanford University, Stanford Center 
for Opportunity Policy in Education, p. 30. 



105 ' The costs to develop high-quality science assessments are unknown, but given the need to reflect more 
aspects of learning and a broad range of topics, it is possible they will cost much more to develop and administer than 
assessments for mathematics and reading. 

106 ' With multistate consortia, representing about 30 states or more, the high-quality assessment cost is likely to be 
closer to $39 per student for mathematics, reading, and writing combined. 

107 ' If high-quality assessments for mathematics, reading, and writing were delivered online, Topol et al. estimate 
that the cost could drop by $2.25 and $3.50 per student, depending on whether multistate consortia adopt them or 
single states do. Nevertheless, upfront development costs could be much higher than for traditional test formats. 
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Need for an Ongoing Process. The state-led movement to establish standards and assessments in 
mathematics and science represents an historic opportunity. This activity, however, must be a long-term 
process, not a one-time event. The changes envisioned by new standards and assessments require a 
long-term investment by states and by the Federal Government in the nation's educational infrastructure. 

We urge the states to sustain their commitment to establishing and implementing shared standards for 
mathematics and adopting new high-quality assessments. We urge them to do the same for new science 
standards once they are released. They need to put into place formal mechanisms that will maintain 
an intense focus for at least a decade. We also urge the Federal Government to continue its strong sup- 
port for the state-led movement. It should use its policies and resources to ensure continued progress 
by providing powerful incentives in the form of financial assistance to states that adopt standards and 
assessments tightly aligned with the shared standards. We also urge the broader engagement of the 
Nation in this effort, including STEM-related corporations, colleges and universities, and other groups. 



CONCLUSION: A CALL TO THE STEM COMMUNITY ANDTO THE FEDERAL 
GOVERNMENT 

Due to efforts over the past quarter-century at many levels and across the political spectrum, the 
United States has the opportunity to come together around shared, high standards for both math- 
ematics and science education. It is important to seize this historic moment. 

PCAST strongly supports the current state-led movement to develop shared, high standards in both 
mathematics and science. These standards should reflect the mix of factual knowledge, conceptual 
understanding, procedural skills, and habits of thought described in recent studies by the National 
Research Council. 

PCAST calls on the science, technology, engineering, and mathematics community in industry and 
academia to actively support the state-led shared standards effort. It will be important for the 
broader STEM community in higher education and industry across the Nation to show their sup- 
port and speak to the value of shared standards and assessments. Moreover, it is important that 
STEM professionals and organizations look beyond their individual objectives for mathematics and 
science standards and focus on the greater common goal the Nation has to complete the standards 
and ensure their widespread use. 

As state-led consortia develop, adopt, and/or align their standards to shared standards in math- 
ematics and science, the Federal Government should provide resources for the development of 
aligned assessments and for professional development. 

Finally, the creation of high-quality shared standards and assessments is not a one-time effort 
but will require a sustained focus over a decade. Any set of standards will need to be continually 
reviewed and improved based on research on use and effectiveness. We urge the states, the Federal 
Government, the STEM community, and the Nation to develop mechanisms to ensure that this will 
occur and to support the continual, high-quality research that will be needed to inform this work. 
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Federal Support for the State-Led Standards Movement 

The Federal Government can provide valuable support for the state-led movement to develop and adopt 
shared standards and for efforts to develop assessments aligned with those standards. The process of 
adopting new standards can be expensive for states and school districts. States face the expense of 
developing, acquiring, administering, and improving over time the assessments that measure student 
learning of STEM skills and knowledge. Even the relatively simple high-stakes annual assessments 
required under No Child Left Behind cost states more than $800 million peryear. 108 Tests that more deeply 
measure STEM learning and knowledge will be more expensive, as described earlier in this chapter. 

Here, the Federal Government can support states and nonprofits to develop and continue to improve 
assessments. These investments can be more efficient if targeted at consortia of states that develop 
assessments to meet shared standards rather than on a state-by-state basis. Consortia also make sense 
because development of valid and reliable assessments requires considerable expertise, which is lim- 
ited and cannot effectively prepare high-quality tests for many different states. Given the expenses of 
developing high-quality assessments, financial support can provide a powerful incentive for states to 
adopt shared standards more quickly. 

Beyond developing standards and assessments, teachers need to know how to use the standards and 
the assessments.They also need tools that enable them to teach to the new levels of performance those 
standards will describe. The Federal Government has a history of investing between $3,500 and $4,800 
per teacher on science and mathematics teacher professional development tied to the NSF's systemic 
initiatives — but this does not mean that this is the level of funding required for effective or cost effec- 
tive professional development. We estimate that at least this amount, and likely much more, will be 
needed to support teachers to embrace new standards. 109 This can be a disincentive for states, schools, 
and school districts to adopt the standards, especially in a difficult economic climate.The Department 
of Education can help provide the financial support needed for professional development that helps 
teachers and school leaders adapt their curriculum and teaching methods to implement shared science 
and mathematics standards. Cost estimates should consider a combination of face-to-face workshops 
and online professional development, beginning with support from external providers and over time 
moving to the professional development that occurs when prepared teachers work cooperatively 
within a school. Costs should include a rigorous research component to enable continuous learning and 
feedback about what works, for whom, and why. We address the challenge of providing cost-effective 
professional development in STEM in Chapter 5, Recommendation 5-2. 

The Federal Government already provides about $400 million per year to support state testing. In addi- 
tion, the Federal Government has committed $350 million to develop new assessments for college- and 
career-ready standards and high-school end-of-courses exams through state consortia. Considerable 



108 ' B. Topol, J. Olson, and E. Roeber. (2010). The Cost of New Higher Quality Assessments: A Comprehensive Analysis of 
the Potential Costs for Future State Assessments. Stanford, CA: Stanford University, Stanford Center for Opportunity Policy 
in Education. 

,09 ' Evaluation studies of the NSF Local Systemic Change initiatives found that professional development of about 
1 30 hours duration, aligned to the specific curriculum to be taught in schools, cost $3,500 to $4,800 per teacher, spread 
out over several years of teaching. See Eric R. Banilower, Sally E. Boyd, Joan D. Pasley, and Iris R. Weiss. (2006). Lessons 
from a Decade of Mathematics and Science Reform: A Capstone Report for the Local Systemic Change through Teacher 
Enhancement Initiative. Chapel Hill, NC: Horizon Research. 
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additional funds will be required over the next five years to develop new assessments in science, as 
new science standards are developed and adopted by the states, and to ensure ongoing improvement 
of both math and science assessments. 110 These investments will be well worth the price because they 
will make it feasible for states to adopt new standards with assessments that strongly support the new 
learning goals, provide better data to improve STEM education initiatives, and ultimately make assess- 
ment development more efficient and cost-effective on a national level. Finally, the Federal Government 
should support states to give benchmarking exams that allow comparisons of U.S. students to students 
around the world. 



RECOMMENDATION 4-1 : STANDARDS AND ASSESSMENTS 

We urge the states to continue their historic efforts to adopt shared standards in both mathemat- 
ics and science. Math standards were released in June 201 0, and we applaud the many states that 
have already adopted them and urge other states to do so. Science efforts are at an earlier stage; we 
underscore the importance of this effort and urge that standards be developed by 2011 and adopted 
by states soon thereafter. 

We recommend that the administration support this state-led effort by providing financial support 
and technical assistance to make it feasible for states to adopt such standards. 

1 . Su pport for Standards. The Department of Education should provide support for rigorous, high- 
quality professional development tightly aligned with the needs of teachers to implement cur- 
ricula that meet shared standards. It should do so by providing funding to states and to nonprofit 
and for-profit organizations that provide technical assistance to states and districts for profes- 
sional development. It also should provide support for the development of high-quality online 
resources for professional development. 

2. New Assessments. The Department of Education should expand its support to consortia of states 
to pay for the cost of development, evaluation, administration, and ongoing improvement of 
assessments tightly aligned to the standards. These assessments should foster active, inquiry- 
based learning together with mastery of critical concepts and facts. They should include both peri- 
odic cumulative assessments and end-of-course assessments for selected courses in high schools. 

3. Ongoing Research. The National Science Foundation and other foundations and research organi- 
zations should support research on the transition to shared standards, evaluating their success, 
the challenges faced, and ways to improve them over time. 



Concerning support for professional development for new standards, we estimate a cost of about $450 
million per year for five years for the Nation's roughly 450,000 public school mathematics and science 
teachers, at a cost of approximately $ 1 ,000 per teacher per year. In the Department of Education's request 
for reauthorization of ESEA, $300 million is requested in FY1 1 for effective teaching in mathematics and 
science that can be used toward this end. We estimate, however, that an additional $150 million per year 
will likely be needed from other Federal, state, or private sources for a period of 5 years. 

lm For mathematics, at least $1 billion annually will be required to support high-quality assessments: 
approximately 3.8 million students per grade tested time seven grades time $39 per student (presuming assessments 
are developed by 30-state consortia), which equals $1 .04 billion per year. 
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Concerning new assessments, we see two important roles for the Federal Government: first, ongoing 
support for research and development of new high-quality math and science assessments, and second, 
Federal support to assist states with implementation and annual administration of these assessments. 

The Federal Government has currently allocated $330 million for the development of new mathemat- 
ics and English language arts assessments, which we estimate should provide adequate support for 
new, high-quality math assessments to emerge. Given that the expense of implementing and admin- 
istering these new assessments could be prohibitive for states, we also recommend that the Federal 
government provide $250 million per year in Federal funding to States to administer new mathematics 
assessments, which may require supplementing, or specifically targeting toward new assessments, the 
Federal Government's commitment of $400 million in annual support to states for assessments in all 
subject areas. 

For science, once the new standards are released, we estimate that the Federal Government should 
provide $ 1 0 million to support the development of a new science assessments framework — a research- 
informed planning process to lay out the key goals of and logic models for new science assessments. 
This should be followed by at least $160 million in Federal support for the development of new science 
assessments by consortia — similar to the current competition underway for mathematics assessments. 
To support states to implement the new science assessments after they are developed, we estimate 
that $250 million to $300 million per year will be required in annual Federal support to the states for 
administering science assessments, which may require supplementing, or specifically targeting toward 
new assessments, the Federal Government's commitment of $400 million in annual support to states 
for assessments in all subject areas. 

In supporting the states to determine the right combination of assessments that will best reflect what 
students need to learn to be ready for careers and college, the Federal Government might also consider 
supporting development and state implementation of end-of-course assessments in high school for at 
least one course in mathematics (algebra or above) and in one in science (biology, chemistry, or physics). 

Producing high-quality assessments for science will be an especially difficult and demanding task. To 
recruit some of the Nation's best scientists, teachers, and assessment experts to help in this critical effort, 
we believe that the NSF should fund the National Academies to produce, on a rapid time scale of less 
than a year, a Framework for the Assessment of Science Education, based on the Framework for Science 
Education when it is published. The assessment framework should address recommendations for both 
formative and periodic cumulative assessments. 



RECOMMENDATION 4-2: BENCHMARKING 

The Department of Education should provide financial incentives to states to participate in cur- 
rently available, high-quality national and international assessments in order to monitor progress 
relative to national and international benchmarks. It should continue its support for NAEP testing 
and should provide support for PISA and TIMSS. 



★ 60 ★ 




IV. SHARED STANDARDS AND ASSESSMENTS 



A first step toward implementing this recommendation could be to link NAEP to international tests 
to allow NAEP results to be used in international benchmarking. In the long term, direct participation 
by the states in PISA and TIMSS would be valuable. We estimate that in addition to the current Federal 
support for NAEP of approximately $130 million per year, approximately $85 million in Federal funding 
every four years will be required to enable all states to minimally participate in TIMSS and NAEP. 
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V. Teachers 

“I can truly say he molded me.” 

Angela Fajardo, a teacher and a former student of the legendary Los Angeles 

mathematics teacher Jaime Escalante, in an interview with the Los Angeles Times . 111 
Escalante, who led poor Elispanic students at Garfield Eligh School to achieve high scores 
on AP Calculus exams and pursue career paths in mathematics, was brought to fame in 
the movie Stand and Deliver. Escalante passed away during the preparation of this report. 



CHAPTER SUMMARY 

Teachers are the single most important factor in the K-1 2 education system, and they are crucial to the 
strategy of preparing and inspiring students in STEM. Great STEM teachers have at least two attributes: 
deep content knowledge in STEM, and strong pedagogical skills for teaching their students STEM. These 
two attributes allow great teachers to help students achieve deep understandings of STEM that they can 
use in their lives and careers. These attributes also enable teachers to excite students about the dynamic 
nature of STEM fields, motivating them for lifelong study.Too few of these teachers are in the Nation's 
classrooms, in part because of a lack of professional respect, the inconsistency of teacher preparation pro- 
grams, and the salary disparity of teaching relative to other STEM fields. The Federal Government should 
help recruit, prepare, and support at least 1 00,000 new STEM teachers with these attributes at the middle 
school and high school levels over the next decade. It also should support the professional development 
of all teachers to help them achieve deep STEM content knowledge and mastery of STEM pedagogy. And 
the Federal Government should recognize and reward the best STEM teachers nationwide through the 
creation of a STEM MasterTeachers Corps. 



Introduction 

Anyone who has set foot in a classroom knows that teachers make a huge difference in the lives of their 
students. While not everyone can recall the influence of a legendary teacher like Jaime Escalante, many 
people have stories about the crucial role that a teacher played in sparking their passion for a subject, 
teaching them a lifelong skill, or helping them surmount an obstacle. Indeed, most people who work 
in STEM fields or who simply have an interest in STEM can point to teachers who excited about them 
about the beauty and power of mathematics, the wonders of science, or the power of technology — and 
who helped them learn that they could gain mastery of these subjects. Sadly, though, many adults also 
point to experiences in school that convinced them that STEM subjects were inherently boring, cryptic, 
or beyond their grasp. 

Teacher quality clearly matters in student learning and success. And great teachers can motivate 
students to devote themselves to a subject and overcome obstacles in the learning process, as well as 
inspire students to pursue lives of discovery and invention. The critical questions are: What attributes 
characterize great STEM teachers? How can we best recruit and train great STEM teachers? And how 

m Jill Leovy. (2010). Honoring a Legendary Teacher and His Legacy. The Los Angeles Times, April 17, 2010. Accessible 
at http://artides.latimes.com/201 0/apr/1 7/local/la-me-escalantel 7-201 Oaprl 7. 
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can we support them and retain them? In this chapter, we discuss these issues and make specific policy 
recommendations. 



The Challenge of Understanding Teacher Impact 

Teachers are arguably the single most important component of education that can be influenced by 
policy. We know that teachers are not all the same, and that great teachers expand how much and 
improve how well students learn. Yet, there are vast gaps in our knowledge about howto produce great 
teachers and retain them. Many studies are not directly useful in policymaking, owing to inadequate or 
inconsistent research design or data collection. Based on what research has emerged over the past two 
decades, however, we know the most about how students learn, the next most about the characteristics 
of effective teaching, and the least about characteristics of programs that are effective in producing 
effective teachers — let alone great teachers. We briefly elaborate on these points below. 

That teachers have a large, measurable impact on student learning and achievement is clear. A National 
Research Council panel recently completed a five-year study, entitled Preparing Teachers: Building 
Evidence for Sound Policy, which examines what is known about effective teacher preparation in math- 
ematics, science, and reading. The report notes that there is broad agreement and clear evidence that 
"teachers have enormously important effects on students' learning, and that the quality of teaching 
explains a meaningful proportion of the variation in achievement among children." 112 Various studies 
have demonstrated this impact in different ways. For example, researchers have shown that teachers 
who see gains in student achievement in their classes tend to see them repeatedly over time. 113 Also, 
students taught by a series of teachers deemed exemplary for previously raising test scores learn and 
achieve more. 114115 Research indicates that a teacher who has consistently raised student achievement 
can make a greater difference in student outcomes than more costly interventions such as reducing 
class size. 116 The National Mathematics Advisory Panel has pointed to evidence showing that variation 
in teacher quality could account for a substantial fraction of the total variation (as much as 12 to 14 
percent) in mathematics learning by elementary students in a given school year. 117 

Despite the broad agreement on the importance of teachers, the NRC report concluded that there 
is little solid research about precisely how and why teachers influence student outcomes and about 
how teacher preparation programs should be designed to train great teachers. How much students 
learn depends on many factors, both internal and external to the education system, and it is difficult to 

11Z National Research Council. (2010). Preparing Teachers: Building Evidence for Sound Policy. Washington, DC: 

National Academies Press. 

113, D. Aaronson, L. Barrow, W. L. and Sander. (2003). Teachers and Student Achievement in the Chicago Public High 
Schools. Chicago, IL: Research Department, Federal Reserve Bank of Chicago. 

114 ' W. L. Sander and J. C. Rivers. (1996). Cumulative and Residual Effects of Teachers on Future Student Academic 
Achievement. Knoxville, TN: University of Tennessee Value-Added Research and Assessment Center. Accessible at 
http://www.mccsc.edu/~curriculum/cumulative%20and%20residual%20effects%20of%20teachers.pdf. 

115 ' National Mathematics Advisory Panel. (2008). Foundations for Success: The Final Report of the National 
Mathematics Advisory Panel. Washington, DC: U.S. Department of Education. 

116 ' S. G. Rivkin, E. A. Hanushek, and J. F. Kain. (2005). Teachers, Schools, and Academic Achievement. Econometrica, 
73(2):41 7 458. Accessible at http://www.econ.ucsb.edu/~jon/Econ230C/FlanushekRivkin.pdf. 

117 ' National Mathematics Advisory Panel. (2008). Foundations for Success:The Final Report of the National 
Mathematics Advisory Panel. Washington, DC: U.S. Department of Education. More recent studies suggest an even larger 
effect size. 
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carry out research that can definitively distinguish causation from correlation to identify the effects of 
teaching. Many studies about connections between teachers and student outcomes have not yielded 
truly meaningful conclusions. (We address the need for improved education implementation research 
in Chapter 3.) 

We concur with the National Research Council committee that more work is desirable to rigorously 
evaluate what teachers contribute to student learning and achievement, what teacher qualities are 
most important, and which programs work best to prepare teachers.To inform and guide policy, we also 
need better measures of student learning than standardized test scores and finer grain measures of the 
attributes of teachers and teach preparation program. 118 Truly rigorous research on teacher preparation 
would require educating and preparing many thousands of new teachers through a variety of different 
teacher preparation programs and then measuring the impact that they have on student achievement. 
And truly rigorous research on teacher retention will require testing a variety of approaches to assess 
their affect on the long-term retention of the best teachers. 

Realistically, it will take 1 0 to 20 years before definitive research is available that defines the best ways 
to recruit, prepare, and retain the great STEM teachers that the Nation needs to prepare and inspire 
students for the 21 st century. Yet the Nation cannot wait 1 0 to 20 years to act. We are already expending 
considerable funding and effort to train tens of thousands of teachers every year. It is possible to act 
wisely now based on a combination of the best available evidence, professional judgment, and common 
sense. At the same time, we should design our actions to collect additional evidence along the way. In 
short, we must act and learn at the same time. 

Finally, it might be argued that we should not focus on "inputs" (understanding the qualities that make a 
great teachers, and funding programs that are most likely to produce such teachers), but rather should 
primarily exclusively on "outputs" (measuring the impacts of teachers in classrooms, in response to 
which prospective teachers and teacher training programs will adjust). We disagree, believing that it is 
important to focus on both inputs and outputs. As with the research issues discussed above, it will likely 
take a decade or more for the"market"for training and hiring of new teachers to respond fully to output 
measures. The Nation will be well served by investing in encouraging the best teacher training programs. 

Attributes of a Great STEM Teacher 

Despite the gaps in research, the available evidence, professional judgment, and common sense con- 
verge on the idea that great STEM teachers have at least two important attributes: (1 ) They have deep 
content knowledge, and (2) they have strong pedagogical training specific to STEM. These two attributes 
help great teachers both prepare and inspire students in STEM. 

1. Deep content knowledge. Great STEM teachers understand their subject matter deeply 
enough that they can explain concepts and procedures from multiple perspectives, thus guid- 
ing students to explore on their own. They stay current with the evolving body of knowledge 
in their fields, so that they can draw on it to make their subjects come alive.They know enough 
about their subject matter, and its relationship to issues in the real world and current events, 
to make STEM relevant. Teachers require enough content knowledge to deal with questions 

m Ibid. 
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from inquisitive students and, in turn, pose challenging questions to their students. Excellent 
STEM-trained teachers know enough that they can turn questions (Why can't you divide by 
zero, or take the square root of a negative number?) into teachable moments, rather than simply 
saying, "Because it's a rule.'Teachers with this kind of knowledge can ignite student interest in 
STEM, inspiring them for lifelong study. They also encourage students to question assump- 
tions, rather than accepting what they are told as a given. They cultivate within students the 
capacity to pose probing questions and to figure out methods of answering those questions, 
rather than simply teaching them to answer predictable questions. In this way, these teachers 
allow students to practice and develop the essential capacity to reason the way that scientists, 
engineers, computer scientists, and mathematicians do. 

There is little doubt, in the accounts of current STEM professionals and students of great STEM 
teachers, that deeply knowledgeable teachers can inspire and motivate students to study STEM. 
The precise extent to which such teachers better prepare students by improving their achieve- 
ment and learning is not yet clear, but several sources of evidence point to the fact that deeper 
STEM knowledge makes for better STEM teachers. Researchers have shown, for example, that 
higher scores for elementary school teachers on tests of mathematical knowledge for teaching 
predict higher gains in student achievement . 119 The recent National Research Council report 
on teachers concludes that in mathematics in particular"there is strong reason to believe that 
teachers' knowledge and skills make a difference in their practice ." 120 

2. Mastery of pedagogy. Content knowledge alone is not enough. Great teachers must be able 
to call on a repertoire of methods that help them manage their classrooms and illuminate 
STEM topics. Importantly, they must have a nuanced understanding of how learners approach 
STEM subjects. These teachers know the natural misconceptions that arise from intuition and 
can challenge misconceptions in ways that help students relinquish them based on a real 
understanding, not memorization of a fact or a phrase. They can guide students in scientific 
inquiry, the design of experiments, and making sense of data. They also know how to motivate 
and excite students to learn topics in STEM. Such tactics can be taught in teacher preparation, 
induction, and professional development programs that give STEM teachers specific tools and 
approaches they can use in their classrooms.Teachers need to hone these skills and adapt them 
to the curriculum and their students. This requires that they have ongoing support and peers 
with whom they can share best practices. 

There is a broad consensus among STEM education professionals that pedagogical mastery 
specific to STEM is an essential quality of great STEM teachers . 121 Evidence strongly points to the 
kind of pedagogy that is most effective in STEM education: cooperative, collaborative, active, and 
inquiry-based methods increase learning and retention of information and higher order thinking 
skills . 122 It is important that STEM teachers both prepare and inspire their students, engaging 



m Heather C. Hill; Brian Rowan; Deborah L. Ball. (2005). Effects of Teachers' Mathematical Knowledge for Teaching 
on Student Achievement. American Educational Research Journal 42:371 . 

12a National Research Council. (2010). Preparing Teachers: Building Evidence for Sound Policy. Washington, DC: 
National Academies Press. 
m Ibid, Chapter 7. 

122, National Research Council. (1999). How People Learn: Bridging Research and Practice, and How People Learn: Brain, 
Mind, Experience and School: Expanded Edition. Washington, DC: National Academies Press. 
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them in STEM as much as they instruct them. 123 Reports on STEM learning undertaken by the 
National Research Council have noted the importance of teachers acquiring a command of the 
strategies needed to illuminate STEM for learners, and of teachers knowing the variety of ways 
in which learners develop STEM knowledge and skills. 124 

We should underscore that these two attributes do not guarantee great STEM teachers. Some 
teachers may fail to be effective despite these characteristics. Ideally, we should assess teacher 
effectiveness, on an individual basis, based on student achievement and interest in STEM. 
Nevertheless, these two attributes are valuable proxies in considering the types of teacher 
preparation programs that can produce great teachers. 



Supply and Demand for STEM Teachers 

What is the ongoing national demand for STEM teachers in public schools? Currently, there are an 
estimated 477,000 teachers whose main teaching assignment is mathematics or science in K-1 2 public 
schools, of which about 426,000 teach in middle and high schools. 125 Each school year, there is consid- 
erable turnover in the STEM teaching force. If recent trends continue, about 25,000 mathematics and 
science teachers can be expected to leave the profession annually. Less than a third of them retire, 
while nearly two-thirds cite job dissatisfaction as their reason for leaving. 126 Within the first five years 
of teaching, more than 40 percent 127 of teachers decide they no longer want to teach, many due to a 
lack of professional support. Although many teachers re-enter the workforce and change locations and 
schools, which contributes to this turnover, for planning purposes we will assume an ongoing average 
need for 25,000 STEM teachers — although the need could increase if we succeed in attracting more 
students to STEM fields. 

The overall supply of mathematics and science teachers nationally has been rising to meet total demand, 
but there are local imbalances on a regular basis, with many schools struggling to fill openings in STEM 
subjects with qualified teachers. In particular, schools in high-poverty communities often do not have 
access to knowledgeable teachers. This occurs, in part, because STEM teachers migrate within the 
profession to better paying jobs at better-funded schools. 128 

However, the issue is not just the quantity of STEM teachers available: there is a crucial issue of quality. 
Many existing STEM teachers and teachers in training programs today lack the attributes associated 
with great STEM teachers. 

123 ' A. V. Maltese and R. H.Tai. (2010). Eyeballs in the Fridge: Sources of Early Interest in Science. International Journal 
of Science Education 32: 669-685. 

124 Two reports of note are Adding it Up, National Research Council, 2001 (see Box 4-1) and Taking Science to School, 
National Research Council, 2007 (see Box 4-2). 

125 ' Richard Ingersoll. (n. d.). Unpublished analyses of the 2007-08 Schools and Staffing Survey data that spans K-1 2. 

126 ' R. Ingersoll and D. Perda. (2010). Is The Supply of Mathematics and Science Teachers Sufficient? American 
Educational Research Journal 47(3): 563-594. Accessible at 
http://aer.sagepub.com/content/early/2010/05/13/000283121037071 1. 

127 ' This is not a STEM specific figure, but Richard Ingersoll of the University of Pennsylvania says this is probably a 
fair assumption given that turnover rates are comparable to other teaching subjects. 

128 ’ R. Ingersoll and D. Perda. (2010). Is The Supply of Mathematics and Science Teachers Sufficient? American 
Educational Research Journal 47(3): 563-594. Accessible at 
http://aer.sagepub.com/content/early/2010/05/13/000283121037071 1. 
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The data are clearest for mathematics, although observations suggest that it is likely true for science as 
well. The recent NRC report on teacher preparation concluded that"many, perhaps most, mathematics 
teachers lack the level of preparation in mathematics and teaching that the professional community 
deems adequate to teach mathematics," and that too many middle and high school teachers teach 
mathematics out of their field. 129 The report also concluded that too little information is known about 
the preparation of science teachers, citing a 2003 survey showing that 28 percent of the U.S. public 
school teachers who are teaching science in grades 7-12 lack a minor or major in the sciences or sci- 
ence education. 130 Evidence also suggests that the problem is more acute in schools in high-poverty 
communities; a 2008 study showed that 40 percent of mathematics classes in high-poverty secondary 
schools were taught by out-of-field teachers, whereas 83 percent of classes are taught by teachers with 
mathematics or mathematics education degrees in schools that serve the fewest low-income students. 131 

It should be noted that the available data tend to focus on whether teachers meet a bare minimum 
standard of having a major or minor in their fields. There are far fewer data about the proportion of 
teachers who have deep content knowledge of their field and a mastery of how to teach learners of 
STEM, which constitutes a higher standard. 

The considerable annual demand for new teachers offers a tremendous opportunity to improve the 
quality of the STEM teacher workforce through improved recruitment, preparation, professional devel- 
opment, and retention. 



Preparing Great STEM Teachers 

STEM teachers in U.S. public schools are currently trained in a variety of ways. These "pathways" gener- 
ally fall into two categories: traditional programs based in colleges or universities that lead to a BA or 
MA and teaching certification, and alternative programs to certify teachers, which vary widely in their 
characteristics. 132 Determining exactly how many teachers are prepared through each of these pathways 
is difficult given a general lack of data. The distinction between the two pathways has also become 
increasingly blurry. Importantly, the programs within the pathways vary widely in their requirements 
for developing the attributes of great STEM teachers. 133 

Even among the teachers who take the university or college pathway to becoming educators, many 
do not acquire strong majors in STEM subjects paired with pedagogical training. Few teacher prepara- 
tion programs put an emphasis on these two critical attributes of great STEM teachers. 134 The problem 
is particularly acute in elementary teacher preparation programs but is also serious for middle and high 
schools. 135 - 136 Although data are scarce on the precise level of preparation of the Nation's teachers in 

129 - Ibid. p. 124. 

13 °- Ibid. p. 146 and 151. 

m R. Ingersoll. (2008). Core problems: Out-of-field teaching persists in key academic courses and high-poverty schools. 
Washington, DC: Education Trust. 

132 ' National Research Council. (2010). Preparing Teachers: Building Evidence for Sound Policy. Washington, DC: 

National Academies Press. 

133 ' Ibid, Chapter 3. 

134 ' National Academy of Education. (2009). Education Policy White Paper: Science and Mathematics Education. 
Washington DC: National Academy of Education. Accessible at www.naeducation.org/NAEd_White_Papers_Project.html. 
135 - Ibid. 

136 ' Nevertheless, in particular schools and school districts, middle school teacher preparation is comparable 
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the critical STEM content knowledge and pedagogical skills required to excel in the classroom, knowl- 
edgeable observers agree that far too few teachers have been adequately prepared and supported to 
develop these two attributes. What evidence is available suggests that teachers seldom are prepared 
by both the education schools and STEM departments within their colleges, universities, or certifica- 
tion programs — and that they seldom have a strong major in STEM. For example, during the 2007-08 
school year, 56 percent of K-1 2 public school mathematics and science teachers held undergraduate 
and/or graduate degrees in mathematics, mathematics education, science, or science education. (About 
60% held such degrees at the middle and high school levels.) Yet only about 25 percent of science and 
mathematics teachers had an undergraduate or graduate degree conferred by a STEM department or 
school. 137 Even among the small fraction of teachers trained deeply in both education practice and STEM 
fields, we know little about the quality of instruction they received in STEM content or STEM pedagogy. 

Ideally, we would know the characteristics of preparation programs that best cultivate the kinds of 
teachers who prepare and inspire K-1 2 students in STEM. Available research does not show significant 
differences between the major teacher pathways with respect to teachers' knowledge and effectiveness, 
but this reflects the very coarse nature of the studies to date.The National Mathematics Advisory Panel 
concluded that not enough is known about teacher education to "draw conclusions about the features 
of professional training that have effects on teachers' knowledge, their instructional practice, or their 
students'achievement." 138 This dearth of information underscores the need to collect thorough, consis- 
tent data on teacher preparation and to design studies on teacher programs and student outcomes that 
allow policymakers to identify the characteristics of truly effective programs. (We address this need in 
chapter 3.) The recent commitment to improve teacher education by more than 1 20 higher education 
institutions through the Association of Public Land-grant Universities'Scienceand Mathematics Teacher 
Imperative is a move in the right direction. 

Individual programs that provide strong pedagogical preparation in STEM, by preparing teachers to 
convey concepts and lead inquiry in the classroom, and deep content expertise via rigorous majors 
in STEM disciplines have provided examples of success. (One example of such a program, UTeach, is 
described in Box 5-1 .) What such examples suggest is that effective teacher preparation programs will 
achieve multiple goals.They will attract college students with strong backgrounds or aptitudes for STEM 
subjects and an interest in teaching, provide them with rigorous extended pedagogical training based 

to that of elementary teachers. See Center for Research in Mathematics and Science Education. (2010). 

Breaking the Cycle: An International Comparison of US. Mathematics Teacher Preparation, Initial Findings for the 
Teacher Education and Development Study in Mathematics. Lansing, Ml: Michigan State University. Accessible at 
http://www.educ.msu.edu/content/default.asp7contentl D=710. 

137 ' Unpublished analyses of the 2007-08 Schools and Staffing Survey data by Richard Ingersoll, University of 
Pennsylvania. In the 2007-08 school year, 476,922 public school teachers in K-1 2 had a main teaching assignment in 
math or science. 51,000 were employed in primary schools, and 426,000 in middle, secondary or combine schools. 

Of the middle and high school teachers, 256,000 (60 percent) had a full degree in mathematics, a scientific discipline, 
mathematics education, or science education. 146,000 of those teachers had only a degree from an education 
department or school. 57,500 of the middle and high school teachers had a degree from a science or mathematics 
department or school, and 52,400 had a degree from both an education department or school and a science or 
mathematics department or school. 

138 ' National Mathematics Advisory Panel. (2008). Foundations for Success: The Final Report of the National 
Mathematics Advisory Panel. U.S. Department of Education: Washington, DC. On p. 40, the report states: "Despite 
widespread beliefs about the qualities that make teacher education effective, the Panel did not find strong evidence 
for the impact of any specific form of, or approach to, teacher education on either teachers' knowledge or students' 
learning. Even for the few studies that did produce significant effects, little detail was provided about the features of the 
training that might account for the impact of the program." 
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in the classroom, and prepare them to respond to ever-changing STEM knowledge and the dynamics 
of their schools. Teachers require early career support and thrive best in schools where they can learn 
from one another and where they are led by strong principals who are committed to high-quality STEM 
instruction. 



BOX 5-1: UTEACH 

UTeach, a teacher preparation program launched in 1 997 at the University of Texas-Austin and now in 
20 universities, recruits undergraduate mathematics and science majors to pursue teaching careers and 
rigorously trains these future teachers in both STEM content and STEM-specific pedagogy. The program 
draws on faculty from education and STEM departments, bridging what is typically a gulf between 
education schools and schools of science, mathematics, and engineering. UTeach allows students to earn 
both a degree in a STEM subject and their teaching certification within a four-year period. It also provides 
intensive in-classroom training and supports new teachers during their first formative years of teaching in 
classrooms, including providing mentors who visit new teachers' classrooms and coach them on content- 
specific pedagogy. 

Because UTeach spans departmental boundaries at universities, it can effectively recruit mathematics, 
science, and computer science students into teaching, even if they are not initially enrolled in education 
courses. Science and mathematics faculty, who are often role models to high-achieving college students, 
actively encourage STEM teaching as a career route. The program attracts particularly strong students; at 
nearly every university site the average SAT or ACT scores of UTeach participants is higher than the average 
for that university's undergraduate population as a whole. 

Five years after they begin teaching, 82 percent of UTeach graduates are still teaching, compared with 
national retention rates of less than 60 percent. And 45 percent of the teachers who graduate from UTeach 
programs have chosen to teach in high-need schools, in part due to the program's emphasis on public 
service. 

UTeach has been replicated by 21 other universities around the country, who together with the flagship 
UTeach program plan to recruit and prepare more than 4,500 mathematics and science teachers by 201 5, 
and 7,000 mathematics and science teachers by 201 8. The cost per graduate of the program is about 
$8,000, with the costs split roughly equally between the state universities and private sources. UTeach's 
leadership projects that $80 million would be required to produce 1 0,000 STEM teacher graduates per year 
at 200 UTeach programs around the county. That figure is based upon a cost of $2.5 million for each new 
university UTeach program. 



Without substantial and immediate knowledge of the outcomes of a broad range of teacher preparation 
programs, it makes sense to expand programs that have a high likelihood of preparing great teachers, 
while simultaneously improving the research enterprise so that data drives the evaluation and selection 
of such programs in the future. 

The Nation should therefore invest in teacher preparation programs that provide strong content 
knowledge preparation, pedagogical training, and induction support to teachers, and that collect data 
about teacher retention and teachers' impact on student learning and achievement. In making such 
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investments, it will be important to focus particularly on programs that are scalable, because they will 
have the greatest impact in terms of the number of teachers produced and the greatest opportunity 
for learning about successful elements of programs. 

In identifying programs that merit scale-up, it will be helpful to look for the following features: close 
collaboration between K-1 2 schools and the teacher preparation program, including the involvement 
of practicing teachers and administrators in teacher preparation; collaboration between faculty in STEM 
departments and schools of education, enabling new teachers to learn deep content expertise as well 
as the teaching and learning of subject matter; on-going support that recognizes learning-to-teach as a 
process that takes years; and facilitation of supportive working conditions, including good instructional 
materials, clear guidance, strong administrative leadership in schools and districts, and networks linking 
teachers who are committed to ambitious STEM instruction. 

It is also important that stakeholders work to identify the characteristics of teacher preparation programs 
that allow successful replication and scale-up. These features may include cost-effectiveness, a structure 
and organization that are transferable to various institutions and locations, a model for leadership and 
implementation that can be taught to others, and materials and tools that can be readily adapted and 
disseminated. 

Finally, we note that some may wonder why the Nation should invest in new teacher training at a time 
when the media carries stories about teacher layoffs or hiring freezes. We believe that the current labor 
market for teachers represents a response to temporary economic conditions. Over the longer term, 
the overall demand for new teachers will surely resurge. Moreover, science and mathematics teachers 
remain in demand even in times of high unemployment and cutbacks. 



RECOMMENDATION 5-1: 100,000 STEM TEACHERS FOR MIDDLE AND HIGH 
SCHOOLS 

At the middle and high school levels, the Federal Government should seta goal of ensuring the 
recruitment, preparation, and induction support of at least 1 00,000 new STEM teachers over the 
next decade from programs that are (i) designed to produce teachers who have strong majors in 
STEM fields and strong content-specific pedagogical preparation — including teachers from nontra- 
ditional backgrounds who help diversify the STEM teaching force — and (ii) capable of measuring 
both the student achievement and the retention of the teachers they produce. 

The target number of teachers per year would average 1 0,000, but it may require some time to ramp 
up to produce 100,000 high-quality STEM teachers over a decade. 

Toward this end, the Department of Education should systematically identify programs with the 
characteristics described above and should provide financial support for the best programs to scale 
up to significant levels. These programs should regularly assess their success with respect to student 
achievement and teacher retention relative to appropriate comparison groups, so that we continu- 
ally learn how best to prepare great STEM teachers. 

The Department should gather data and report annually on progress toward this goal. 
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We estimate that approximately $100-150 million per year will be required for 10 years, assuming a 
per-teacher cost of at least $8,000 and at least $2,000 per teacher-graduate in administrative costs. 
Pending reauthorizations of Federal legislation, if fully funded, could provide significant resources 
for this recommendation. In the reauthorization of ESEA, the proposed Teacher and Leader Pathways 
Program ($405 million annually) and Effective Teachers and Leaders Program ($2.5 billion annually) could 
provide a substantial portion of the necessary funding. Through reauthorization of America COMPETES, 
full funding of the Noyce Fellowship Program at the NSF (at $140.5 million for section 7002 and 7030) 
could allow for funds to be channeled to implementation of this recommendation. 

While this recommendation pertains to middle and high school teachers, it is also important to produce 
great STEM teachers at the elementary level. We urge the Department of Education to develop a plan to 
identify and bring to scale proven methods to improve the expertise of elementary teachers, whether 
through specialists, coaches, lead teachers in each school, or other methods. 

In addition to recruiting and preparing new STEM teachers, it is important for current STEM teachers to 
be able to improve their knowledge and skills. The Federal Government has an important role to play 
in supporting research about effective professional development and about developing new types 
of professional development programs. While there are many professional development programs 
for STEM, they are a mixed bag in terms of quality and impact. There is a need to identify the types of 
programs that truly benefit teacher skills and student achievement. Available studies indicate that effec- 
tive professional development is tied explicitly to the curriculum taught to students, preparing teachers 
to use materials effectively based on other teachers' successes and to help address student questions. 
Professional development where teachers evaluate videos of their own teaching with a facilitator and in 
which teachers discuss howto evaluate and understand student progress based on assessments have 
been successful. To make professional development more affordable for teachers, schools, and school 
districts, there is a need to develop programs that are both effective and cost-efficient. Courses with 
online components may prove particularly worthy of investigation. 

High-caliber professional development and support are critical for helping many of the Nation's STEM 
teachers perform at their best. In addition, elementary school teachers, who tend to be generalists rather 
than STEM specialists, require special consideration in professional development programs. 



RECOMMENDATION 5-2: PROFESSIONAL DEVELOPMENT FOR EXISTING STEM 
TEACHERS 

The Federal Government should vigorously support research to identify and develop high-quality, 
cost-effective STEM teacher professional development programs and should invest in the dissemi- 
nation of those programs. 

We believe that much of the research and development needed to identify and create these profes- 
sional development programs can be done with existing resources at the NSF and the Department 
of Education. Additional resources will be required for dissemination of such professional develop- 
ment programs, as described in recommendation 4-1 . 
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Rewarding and Professionalizing Great STEM Teaching 

Excellence in STEM teaching requires a focus not only on preparation but also on recruitment and reten- 
tion. Two major factors must be addressed: professional respect and salaries. 

1. Professional Recognition and Respect. STEM teaching lacks the professional stature and 
prestige it deserves given the influence that STEM teachers will have on the future of our country. 
STEM teachers are underappreciated and under-recognized. Many lack role models, mentors, 
and networks of support. STEM teachers lack sufficient opportunities for professional growth 
that allow them to do what they love: teach. 

Science and mathematics teachers who leave the profession frequently cite job dissatisfaction as 
their reason for departure. After the 2003-04 school year, survey results show that 1 4,000 of the 
26,000 mathematics and science teachers who stopped teaching were not satisfied with their 
jobs. 139 When STEM teachers leave their schools for other schools, they also frequently cite their 
professional frustrations as a reason. What lies beneath such dissatisfaction is complex, but when 
STEM teachers leave their schools they often point to a lack of useful professional development 
and to problems they have with classroom management. In addition, many STEM teachers are 
frustrated by unresponsive school, district, and state management systems. Unless we give our 
best teachers access to decision-makers and a voice in the many policy decisions that affect 
their lives, we will continue to make poor use of the talented teachers in our schools, and large 
numbers of them will leave the profession for jobs that are more responsive to their needs. 

In short, we need to treat STEM teachers — and, indeed, all teachers — as professionals if we hope 
to attract and keep great teachers in our schools.Teachers need access to relevant professional 
support and to peers who have grappled with similar problems, and they need to feel that 
their work is respected and recognized. They need opportunities to serve as leaders among 
their peers and in their profession. In turn, we need to expect of teachers the accreditation and 
performance of professionals. 

The program Math for America includes programs to provide excellent mathematics teachers 
with respect and rewards (see Box 5-2). 



BOX 5-2: MATH FOR AMERICA 

Math for America is a relatively new program that began in New York in 2004 and has recently expanded to 
Boston, Los Angeles, San Diego, and Washington, DC. Math for America uses two approaches to improving 
the quality of mathematics teaching in the cities it serves. 

The first is a fellowship program that recruits and trains skilled mathematicians to serve as K-1 2 teachers 
in public schools by paying their tuition to receive mathematics education master's degrees and supple- 
menting their salaries for their first four years of teaching. Math for America recruits new teachers primarily 
through outreach to college and university campuses, in career fairs, and in meetings with mathematics 



139 ' R. Ingersoll and D. Perda. (2010). Is The Supply of Mathematics and Science Teachers Sufficient? American 
Educational Research Journal 47(3): 563-594. Accessible at 
http://aer.sagepub.com/content/early/201 0/05/1 3/000283121037071 1 . 
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departments and faculty. The program is highly selective, seeking out potential teachers who were 
above average achievers as college students and who have a high aptitude for mathematics. (The 201 0 
class of fellows had an average mathematics SAT score of 721 and an average GPA in college of 3.47.) 

A proportion of these new mathematics teachers are career-changers who heard about the program 
and decided to leave their jobs in finance or engineering to pursue teaching. Ninety percent of the new 
teachers who participate in the teacher training fellowship program stay in the profession through their 
fifth year, compared with rates of less than 50 percent in similar districts around the country. 



The second approach is a program that confers prestige and salary supplements to exemplary math- 
ematics teachers in public schools. The organization has awarded fellowships to master teachers in 
New York City public schools, providing annual stipends, professional development, and leadership 
opportunities to exemplary teachers to encourage them to be more involved in their schools, districts, 
and profession. The master teachers say the program heightens the importance they place on their 
jobs, because they serve as mentors and leaders to other teachers and earn recognition and salary in 
exchange. 

Math for America expends an estimated $25,000 per year for each new teacher trainee and between 
$15,000 and $20,000 per year for each master teacher awarded a fellowship. Both programs provide 
mentoring, education, and professional support specific to mathematics instruction. Networking 
opportunities help new and experienced mathematics teachers excel. Math for America aims to create 
a sense of solidarity, professionalism, and support for its teachers. It fosters a community by holding 
workshops three times a week for its fellows on mathematics teaching methods and content, confer- 
ences, and social events. It assigns mentors to new teachers and hosts a virtual network through which 
new and expert teachers ask each other for advice and share knowledge about mathematics teaching. 

2. Salary. Salaries for public school teachers are set by state and local authorities, and the salaries 
vary across jurisdictions. Nonetheless, it is fair to say that, in purely financial terms, it does not 
pay to be a STEM teacher in the United States. 

College graduates with comparable educational backgrounds to high-quality STEM teachers 
often pursue careers in which they have greater earning potential. The median salary offer 
for recent college graduates going into elementary teaching is $30,000; the median salary for 
new secondary teachers is $36,000. 140 By contrast, the median salary offered to recent college 
graduates in certain STEM-related fields, including physics, computer science, accounting, and 
engineering, is more than $60,000. 141 Even if one accounts for the fact that teachers work for 
a nine-month period and could seek summer employment to obtain some additional salary, 
the gap is substantial. Moreover, salaries in STEM teaching have not kept pace with other STEM 
professions.The median salary for high school science and mathematics teachers in the United 
States grew by 8 percent adjusted for inflation between 1 993 and 2003, while the salary gains 
in STEM professions that represent alternative career trajectories for individuals with STEM 
degrees grew by 21 to 29 percent. 142 

14a National Association of Colleges and Employers. (2010). Salary Survey, Spring 2010. Accessible at 
http://www.naceweb.org/research/salary_survey/?referal=research&menulD=71. 

141 Ibid. 

142 ' National Science Board. (2008). Science and Engineering Indicators: 2008. Arlington, VA: National Science 
Foundation. 
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In international comparisons, teacher salaries in the United States lag behind most developed 
countries, even though teachers here work more hours on average. 143 Relative to per capita 
GDP, the U.S. ranks in the bottom third of OECD countries in terms of teacher salary (see Box 
5-3). U.S. salaries even lag in absolute terms behind countries like Germany, Japan, South Korea, 
and Switzerland. 144 



BOX 5-3: SALARIES OF SECONDARY* TEACHERS RELATIVE TO GDP IN OECD 
NATIONS 



Ratio of salary after 15 years of experience to GDP per capita 
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* Equivalent to Grades 7-9. 

Source: Organisation for Economic Co-operation and Development. (2007). 



Ideally, school systems across the Nation would significantly improve salaries and working conditions 
for all STEM teachers across the board. For a variety of reasons, this is not economically feasible, at least 
in the short term. Nonetheless, we believe that the Federal Government can make a significant impact 
on the profession by recognizing and rewarding a significant fraction of the very best STEM teachers 
in the United States. 

The Federal Government administers some programs to recognize excellence in teaching, but they 
touch only a minuscule fraction of the STEM teaching force. The Presidential Awards for Excellence in 
Mathematics and Science Teaching Program provides a one-time award of $10,000 to STEM teachers, 
but the annual number of awardees is only about 1 00, corresponding to far less than 0.1 percent of STEM 
teachers in the United States. The Robert Noyce Scholarships and the Leonore Annenberg Teaching 
Fellowships together award scholarships to about 950 aspiring and new teachers each year who teach 
mathematics and science in high needs schools. 145 These programs are commendable and have an 



143 ' Organisation for Economic Co-operation and Development. (2009). Education at a Glance 2009: OECD Indicators. 
Washington, DC: OECD. Accessible at http://www.oecd.org/edu/eag2009, see table under Indicator D4. 

144 ' Ibid, see Indicator D3. 

145 ' This figure is based on most recent data from the Robert Noyce Scholarship program at NSF, which notes 
that in 2008-09, 871 prospective STEM teachers were supported with an average scholarship of $7,924, and from the 
Annenberg Fellowship Program, which as of 2009 awarded 80 prospective STEM teachers per year with scholarships of 
$30,000 to complete a year-long master's program in teaching. 
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impact on the individuals recognized. But the programs are far too limited to have a significant impact 
on the profession overall . 146 



STEM Master Teachers Corps 

To attract and retain great STEM teachers, we must significantly and visibly reward excellence in STEM 
teaching, signal the importance of the profession, and elevate the level of STEM teachers by setting a 
new high bar for excellence. This requires recognizing a substantial number of STEM teachers nationwide 
and creating a network among them that can drive progress and aspiration in the profession. 

Toward that end, PCAST believes the Nation should create a STEM MasterTeachers Corps that recognizes 
the best STEM teachers in the Nation. Such an organization would reward excellence, raise the status of 
the profession, and attract and retain the best teachers. We believe that a STEM MasterTeachers Corps 
could send a powerful signal . 147 

A precise plan for such a Corps will require additional deliberation, but we sketch key issues. Because 
there are various open questions about implementation, we recommend that the administration con- 
vene a focused working group to address the issues and design a pilot program. 

1. Selection. Teachers should ideally be selected based directly on their ability to prepare and 
inspire students. This would require assessing impact on students in a very broad sense — not 
merely their ability to elicit improvements in standardized test scores, but also to spark interest 
and actually induce students to reach farther. Realistically, the criteria would need to include 
objective and subjective measures of teacher knowledge and skill and student achievement. 
Careful design of these criteria is essential to ensure that they do not disproportionately exclude 
teachers in underperforming schools. Rather, the selection process should give particular consid- 
eration to teachers whose service in high-needs schools further demonstrates their excellence 

146 ' In its FY1 1 budget request, the administration proposes a $950 million Teacher and Leader Innovation Fund, 
which would make competitive awards to states and local education agencies willing to implement bold approaches 
to improving the effectiveness of the education workforce in high-need schools by creating the conditions needed to 
identify, reward, retain, and advance effective teachers, principals, and school leadership teams in those schools, and 
enabling schools to build the strongest teams possible. (Note: language is from FY1 1 budget request.) 

147 ' The STEM Master Teacher Corps would differ from existing teacher recognition programs because it would recognize 
a larger percentage of teachers, would bean interactive community, and would provide a larger monetary reward. Inspired 
math and science teachers have been recognized through the Presidential Awards for Excellence in Mathematics and 
Science Teaching (PAEMST) administered by NSF, the Robert Noyce Scholarship program administered by NSF, and the 
Albert Einstein Distinguished Educator fellowship program administered by the Department of Energy. In addition, 
the nonprofit organization National Board for Professional Teaching Standards (NBPTS) offers an advanced teaching 
credential (including in mathematics and in science for students ages 1 1-1 8+). This credential is voluntary and requires 
that teachers develop a rigorous portfolio and participate in an assessment, which costs $2,500. Through 2009, more 
than 6,000 credentials have been awarded in early adolescent (ages 1 1 -1 4) or adolescent (ages 1 5-18+) mathematics, 
and nearly the same number in science at the same levels. The amount of local and state support for the assessment 
fees and for annual stipends to those who receive the credential varies widely. In some states, teachers fees are paid 
and they receive annual stipends of up to $5,000, which is often tied to working in high-needs schools. In other states 
and districts, teachers receive no recognition or reward. In both of these programs, teachers are recognized for their 
professionalism and accomplishments. A STEM master teacher corps would envision a more enhanced, sustained role 
for teachers, for example, through a national network of teachers that can serve as mentors, leaders in their schools, and 
liaisons to public officials, or as excellent teachers who would be connected with their peers to share best practices and 
materials, or to provide a voice for their profession in educational policy and to be effective advocates for STEM in their 
schools, school districts, and communities. 
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as STEM teachers. Moreover, efforts should be made to represent a range of grades and subject 
areas within STEM. Independent organizations would be needed to carry out evaluation and 
selection. Corps members would be selected for specific terms, perhaps five years, with renewal 
requiring re-competition. 

2. Size. Ultimately, we would favor a STEM Master Teachers Corps that recognizes and rewards 
the top 20 percent of STEM teachers in the Nation. This proportion might act as a sufficient 
carrot to attract and retain the best teachers. In the initial stages, we would favor a program 
that is smaller — but still much larger than the tiny programs that currently exist. An appropriate 
initial proportion might be the top 5 percent of high school and middle school STEM teachers, 
together with some extraordinary elementary school STEM teachers, distributed geographically 
across the Nation. The total might be about 22,000 teachers.This would correspond to roughly 
50 per Congressional district, which could be an appropriate way to distribute membership. 

3. Recognition and Respect. Members of the STEM MasterTeachers Corps would be recognized 
and respected as a professional elite.The importance of such recognition cannot be overstated 
in terms of attracting and retaining excellent teachers.The recognition also would drive demand 
for excellent teachers by schools, school districts, and parents. Moreover, the existence of a 
Corps would create a national network of teachers who could serve as mentors, leaders in their 
schools, and liaisons to public officials. Social networking and interactive multimedia technol- 
ogy could connect these teachers and their classrooms and help them learn from each other 
and mobilize groups toward common aims. Excellent teachers would be connected with their 
peers and could share best practices and materials. It would expand teachers'opportunities for 
professional growth while keeping them in teaching by giving them leadership status within 
their schools and among other teachers across the Nation. They would also have a voice for 
their profession in education policy and could be effective advocates for STEM in their schools, 
school districts, and communities. The Corps has the potential to have a powerful multiplier 
effect on STEM education. 

4. Salary supplement and other resources. In addition to recognition, members of the Corps 
should receive a significant salary supplement. The amount of salary supplement needed to 
make a significant difference in attracting and recruiting excellent STEM teacher would need 
to be determined based on economic analysis. Based on the market considerations above, we 
suspect that a supplement in the range of $15,000 per year would be necessary and appropri- 
ate. If so, the program might cost in the range of $325 million per year. It is possible that some 
matching support could be raised from the private sector. It may be appropriate for the salary 
supplement to be greater for teachers in high-needs schools to provide them with an incentive 
to stay in these schools. Finally, in addition to salary supplementation, these teachers also should 
receive some discretionary resources for use in their classrooms. 

Recognizing a large number of teachers across the country will establish a professional elite 
that defines aspirations for STEM teaching. It will send a signal to all STEM teachers that their 
profession is respected and will encourage them to strive to meet a nationally recognized high 
bar of excellence. It will promote their interaction as part of a national network and bring their 
wisdom to bear on improving local and state policies that crucially affect STEM education. 
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RECOMMENDATION 5-3: CREATE A STEM MASTER TEACHERS CORPS 

As a powerful way to promote excellence among the Nation's STEM teachers, the Federal 
Government should support the creation of a national STEM Master Teachers Corps to recognize, 
reward, and engage the best STEM teachers in the Nation and elevate the status of their profession. 

The STEM Master Teachers Corps should initially consist of the top 5 percent of STEM teachers 
distributed throughout the nation, primarily at the middle and high school levels, and should be 
selected based on their demonstrated ability to prepare and inspire students. 

Corps members should receive significant salary supplements (in the range of 20-25%) of their 
salary, as well as some funds to support activities in their schools and districts. They also should be 
provided with opportunities to interact with each other and to have a voice in education policy at 
the district, state, and national levels. 

Because various issues must be addressed in establishing a STEM Master Teachers Corps (such as 
criteria and process for selection, program structure and administration, and funding sources), the 
Department of Education and National Science Foundation, with coordination from the Domestic 
Policy Council, undertake a six-month study of how best to implement the corps. 

The Federal Government also should seek to engage companies and philanthropists to help sup- 
port the STEM Master Teachers Corps, because STEM master teachers represent national treasures 
worthy of respect. 

We recommend that the Federal Government undertake a rapid six-month study to address the 
issues in implementing a STEM Master Teachers Corps — including the selection process and criteria 
for the teachers and the organization and administrative structure. 

If the program were to encompass 50 teachers per Congressional district, the annual cost would be 
approximately $750,000 per district, yielding the total cost of approximately $325 million per year. 
Because the five-year terms would be staggered, the programs costs would ramp up linearly over 
five years. In addition, effectively implementing this program across the Nation will require full-time 
professional staff in each Congressional district who can network teachers to each other and help 
provide a voice for those teachers on education policy issues. 

(Currently, the Presidential Awards for Excellence in Mathematics and Science Teaching, adminis- 
tered by the NSF, disburses $1 million per year to 1 00 teachers. Substantially more funding will thus 
be required to recognize and reward a meaningful fraction of teachers in a STEM Master Teachers 
Corps.) 

The six-month study on implementation should include among its range of considerations: the 
degree to which regional organizations or consortia might administer the STEM Master Teachers 
Corps, the balance in the selection criteria of taking into account teacher content knowledge and 
pedagogical skills as well as student outcomes, and the potential to build on existing Federal and 
state recognition programs for teachers. 
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We are now. . .at an inflection point for a much 
bolder transformation of education powered by technology. 

National Educational Technology Plan, 2010, Department of Education 148 



CHAPTER SUMMARY 

Technology has the potential to transform K-1 2 education, just as it has many other sectors of our economy 
and our society. It can enable real-time and meaningful data-gathering that allow learning and innovation 
in the education system. It can power innovative learning tools that prepare and inspire students. And 
all this can be done while empowering, rather than replacing, teachers and traditional teaching meth- 
ods. Thus far, however, the influence of technology on schools has been limited. A new mission-driven 
approach to the development of technology platforms, "deeply digitaf'and comprehensive instructional 
materials, and powerful new assessments could dramatically improve the STEM preparation and inspira- 
tion of all students, including those at risk of losing interest in STEM subjects. The Federal Government 
should establish a mission-driven R&D entity to drive widespread use and scale-up of innovative and 
effective technologies in the K-1 2 education system. It should nurture a vibrant ecosystem of for-profit and 
not-for-profit enterprises that will bring innovation to K-1 2 education and prepare and inspire students in 
new ways. 



Introduction 

One of the most powerful ways to improve K-1 2 education is to instill a culture of innovation throughout 
the system. A feature of most great organizations, a culture of innovation encourages creative experi- 
ments, collects data, measures results, recognizes improvements, and rewards success. Data-driven 
feedback fuels steady improvement by allowing people and institutions to test new ideas and learn 
from their successes and their errors. 

The Obama administration has demonstrated its commitment to instilling a culture of innovation in the 
Nation's K-1 2 education system, through its focus on the collection and use of data, and through such 
programs as the Race to theTop and the Investing in Innovation Fund, which provide funds for scaling 
up proven programs. These programs and others have begun to help education systems embrace the 
possibility and importance of innovation. 

PCAST believes that one of the most powerful tools to propel innovation in education is computation 
and information technology. As described in this chapter, we believe that computation and informa- 
tion technology is today poised to play a transformative role in education, and that wise investment 
in technology-based initiatives can yield enormous benefits. These views are consistent with those 

148 ' Office of Educational Technology, U.S. Department of Education. (201 0). Transforming American 
Education: Learning Powered by Technology. Washington, DC: U.S. Department of Education. Accessible at 
http://www.ed.gov/sites/default/files/NETP-2010-final-report.pdf. 
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expressed in the Department of Education's recently released draft National Education Technology Plan, 
which contains observations and recommendations with which we concur. 

Over the past two decades, computation and information technology has been a powerful driving force 
for innovation in many fields and has transformed our world. By providing increasingly ubiquitous access 
to connectivity, knowledge, and analytical power, technology has unleashed a revolution in the way we 
live, work, and play. Vast libraries of the world's knowledge are now available from our cell phones. New 
communities have sprung up through social networking, wikis, and real-time blogging. Individuals have 
greater opportunities to fulfill their talents and express their opinions. Technology-based innovations 
have created economic efficiencies that allow high-quality products to reach larger markets with lower 
costs, connect buyers and sellers in online auctions, support"just-in-time"inventories, and enable flexible 
design and production. Entire new industries have been created. 

Technology supports innovation in three fundamental ways: 

• Continuous evaluation and improvement based on data. Technology-based initiatives 
facilitate collection and evaluation of data, providing rapid feedback to test and improve ideas. 
Google constantly refines its page-rank algorithms by studying which links users follow, and 
Netflix similarly refines its movie suggestions; these companies learn from millions of data points 
each day. Book publishers can test the appeal of titles and covers, and marketers the appeal of 
their ads. In short, the ability to gather and interpret data promotes a culture of learning. 

• Rapid and inexpensive dissemination of successful solutions. Technology-based solutions 
have the advantage that successful innovations can be rapidly and inexpensively disseminated 
to students and schools, as long as the necessary technology is available and they have reliable 
connections to technology services. 

• Mass customization. Technology can support customization, such as instructional materials 
that include different approaches suited to different levels and learning styles and problem sets 
that adapt to student responses. 

Despite its transformative role across the global economy, technology has not played a major role in 
K-12 education to date. As we discuss below, there are understandable reasons why this has been the 
case. Nonetheless, this represents a tremendous missed opportunity. 

PCAST believes that technology has now advanced to the point that it can and should play a leading 
role in driving educational innovation. Moreover, we believe that STEM education should be the leading 
wedge for such change. In this chapter, we therefore recommend that the Federal Government launch 
a major new initiative in educational R&D tied to information technologies. Our recommendation is 
rooted in several observations. 

• First, educational technology has been advancing rapidly in recent years and is likely to create 
major strides in the near future. From a scientific and technological standpoint, there is unprec- 
edented ferment in the field. 

• Second, there will be a growing need for new instructional materials, new professional devel- 
opment materials, and new kinds of assessments that are aligned with higher standards and 
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provide much richer learning experiences and more vibrant sources of information. To that 
end, technology has the ability to shorten innovation cycles, expand the market of suppliers, 
and assess learning in deeper ways. It also has the capability to respond to the diverse learning 
styles of students. 149 

• Third, the "collection and use of data" is one of the Department of Education's four assurances. 
Technology is a powerful tool in support of this goal, because it provides efficient ways to gather, 
integrate, and analyze rich and diverse data streams to evaluate and improve programs. 

• Fourth, technology is becoming increasingly affordable, accessible, and versatile.This trend will 
continue over the next decades, and will encompass personal and mobile devices. 

• Fifth, today's students are increasingly digital natives. They are used to technology and have 
come to expect high-quality uses of technology. 

• Sixth, instructional materials for students and teachers developed in the United States could 
have uses throughout the world, bringing together students and educators in partnerships and 
activities that will benefit all participants and contribute to the Nation's outreach to the next 
generation of students throughout the world. 

• Finally, while the provision of education is the province of the states, only the Federal 
Government has the ability to fund the basic R&D necessary to develop truly transforming 
platforms and instructional materials for education. State and local educational authorities lack 
the necessary resources or scale. 

The National Educational Technology Plan (NETP) 150 and the National Science Foundation's report on 
Cyberlearning 151 also describe the unparalleled opportunity for technology to play a transformative 
role in K-1 2 education. 

Before launching into a detailed discussion of our recommended strategy, we underscore three crucial 
points: 

• Technology cannot replace the need for great teachers. The goal of technology is not to 
replace teachers, but to support them. Properly used, technology can extend the reach of teach- 
ers by giving them access to the best instructional and professional development materials, to 
tools that can create customized learning environments and assessments for students, and to 
data that capture rich information about individual performance. 

• Ensuring that schools and students have adequate technology infrastructure will require 
considerable attention and resources. Given the direction in which technology is moving, we 
believe that R&D should be aimed at a world in which there is universal access to computing 
devices and to connectivity. Nonetheless, we must keep in mind that we are not yet in this world. 
Many schools lack widespread access to computers, up-to-date software, adequate broadband 
connectivity, and adequate maintenance budgets. While the situation has improved and will 

149 ' Ibid, pp. 25-38. 

150 ' Ibid. 

m National Science Foundation Task Force on Cyberlearning. (2008). Fostering Learning in the Networked World: 

The Cyberlearning Opportunity and Challenge: A 21 S ‘-Century Agenda for the National Science Foundation. Arlington, VA: 
National Science Foundation. 
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continue to improve as costs fall, this will require major attention. The Federal Communications 
Commission's recent broadband plan 152 and the National Educational Technology Plan address 
these issues, and changes need to be made through appropriate legislation. 

• Technology-based solutions will need to be rigorously and continually evaluated to 
assess whether they are increasing student preparation and inspiration. While we believe 
that technology is a critical component in achieving the Nation's education goals, technology- 
based approaches will vary in their effectiveness and must be subjected to careful evaluation. 
Fortunately, technology makes it possible to collect rich streams of data. Technology-based 
projects should be designed from the beginning with evaluation in mind. 



Early Efforts in Technology in K-1 2 Education 

Efforts over the past two decades to employ technology in K-1 2 education have had less impact than 
expected. There are various reasons why this has been the case, and it is important to understand them 
in charting a path forward: 

• Some efforts to introduce technology in schools have been misguided in that they aimed to 
replace rather than support teachers. Moreover, many efforts have not taken into account the 
degree of preparation and guidance needed to help teachers use technology in the classroom. 

• Some technology-based learning products have had mediocre quality, uninspiring content, and 
lackluster production values. Educational applications require greater sophistication and higher 
quality than office productivity tools. One problem has been that adequate tools and infrastruc- 
ture (such as adaptive software and adequate bandwidth) were not available until recently. 
Another problem has been that market forces in education have not been strong enough to 
call forth the best technology development. Today's remarkably sophisticated video games 
stand as a marked contrast of what can be achieved when there is adequate market demand. 

• Public schools have historically had poor access to technology infrastructure. Even today, 
computers are often confined to a "computer lab"and teachers lack their own computer. While 
most schools today report that they have Internet access, the connections often have narrow 
bandwidth shared by too many computers. A challenge that persists is the lack of necessary sup- 
port staff, resources, and expertise to maintain, update, and repair technological infrastructure 
in schools over time. 153 

• While many instructional resources are available on the Internet, they tend to be unorganized 
and fragmentary. Teachers lack the time to sift through endless amounts of content to find 
and integrate high-quality, proven materials into lessons. Efforts such as the National Science 
Foundation's National Science Digital Library have made some progress on this problem, but 
they fall far short of what is needed. Most importantly, teachers need coherent whole-course 
materials, together with teacher support, that are based on solid research and take full advan- 



152, Federal Communications Commission. (201 0). Connecting America: The National Broadband Plan. Washington, 
DC: Federal Communications Commission. 

153 - Ibid. pp. 127-136. 
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tage of information technologies. Currently, there are few well-tested, coherent whole-course 
units that teachers can use. 

• Funding for technology-enabled educational innovation has been limited. Moreover, technol- 
ogy-based programs are at a competitive disadvantage in competing for grant funds because 
they typically require greater investment. Just 1 2 percent of the funding distributed by NSF's 
Directorate for Education and Fluman Resources goes to developing new technology, applying 
technology in innovative curricula, or using technology for student assessment. 154 Also, the 
average grant for applying educational technology was only about $1 million, which must be 
used for curriculum development, testing, research, external evaluation, and dissemination, 
leaving little funding for the development of the underlying technology. 

• Innovation has been limited by a lack of common technology protocols and platforms. 
Instructional materials are often designed to work with a particular company's unique learning 
system, and these systems are typically incompatible with other systems.This restricts access for 
educators who want to be able to select among the best materials and discourages innovators, 
who are attracted by access to wide markets. 

Recent Progress 

While technology has had only a modest impact on the K-12 classroom to date, the current level of 
activity and creativity in the world of educational and learning technology illustrates its tremendous 
potential. The examples range across the entire educational spectrum, with some of the most creative 
occurring at the college and university level. We cite some examples that illuminate these trends, includ- 
ing ones that apply across all fields of education (see Box 6-1 ) and ones that are specific to STEM subjects 
(see Box 6-2). While none of the examples fully addresses the needs of K-1 2 education, together they 
indicate how far reaching and disruptive educational technologies could be. 

It is important to note that the start-up and continued development of many of the resources described 
in Box 6-2 have been supported with NSF grants. 155 Historically, the NSF has been a major source of 
funding for innovations in educational technology. The Nation, however, has a great need for further 
investments in the development of technology-intensive instructional materials and for scale-up of 
successful projects — a need that will only grow in the years ahead. 



154, Robert Tinker (personal communication, 2010). 

155, iEARN was founded by a retired businessman. The earliest work on Logo at BBN was funded by corporate funds. 
Mastering Physics was developed by an MIT professor. 
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BOX 6-1 : TECHNOLOGY-BASED APPROACHES FOR EDUCATION 

Technology-based approaches are beginning to have an impact in education. Most are still at early stages, 
but they point to a transformative potential. 

Wikipedia and the power of communities. Wikipedia and similar projects have shown how worldwide 
communities can author, edit, and update vast libraries of content and make knowledge and tools globally 
accessible. Similarly, social networks can connect groups of professionals and students devoted to learn- 
ing from each other, creating opportunities for teachers and students to participate in interactive learning 
environments that extend far beyond the classroom.These forums create the challenge of vetting vast 
amounts of information for high-quality, useful resources, but various approaches (such as curation by 
experts and general users) are increasing the capability of these tools to disseminate ideas, innovations, 
and best practices. 

Open courseware. Universities such as the Massachusetts Institute ofTechnology and the University 
of California, Berkeley, have provided free online access to higher education courses in STEM and other 
subjects, making lectures and associated materials available to learners of any age anywhere in the world. 
These materials can have a particularly powerful impact on students in developing countries who access 
them. They can empower both students and teachers to learn beyond the curriculum and beyond the 
school day. Although videos of lectures are not the most dynamic way to engage students in virtual learn- 
ing, they represent a promising first step toward sharing educational content. Working together, college 
and K-1 2 educators could generate short lectures and demonstrations with higher production values that 
are appropriate for various levels. 

Electronic textbooks. Electronic textbooks have many potential advantages over hard-copy versions. 

Even if they are simply electronic images of hard-copy text, e-texts can be cheaper to purchase, lighter 
to carry, easier to update, more readily adapted for English-language learners, and more accessible to 
students with disabilities. They can enable innovative companies and foundations to contribute to making 
high-quality educational materials. Driven by budgetary constraints, California, for example, has recently 
launched an initiative to create open-source, free e-texts for high school mathematics and science, and a 
nonprofit has created several textbooks that meet the state's requirements for public school classrooms. 

At their best, e-texts can provide a richer and more engaging experience through interactive components, 
videos, simulations, hyperlinks to additional resources, graphics elements, assessments that gauge student 
interest and comprehension, and much more. 

Tutoring systems. New types of computer-based tutors can lead students through STEM materials that 
include ongoing and adaptive assessments. In this way, tutors can diagnose student difficulties and sug- 
gest activities that address those difficulties. This approach appears to work best for teaching structured 
content such as mathematics through algebra and introductory computer programming. For example, the 
Cognitive Tutor, which grew out of Artificial Intelligence research at Carnegie Mellon University, has yielded 
substantial improvements in student achievement. 156 

Online courses for students. Online courses are being developed by a variety of organizations, including 
a growing collection of "virtual schools" that allow students to take individual courses or their entire school 
program through online encounters. Some statewide entities are already experimenting with 



156 ’ Department of Education, Institute of Education Sciences. (2007). What Works Clearinghouse: Cognitive Tutor 
Algebra I. Washington, DC: Department of Education. Accessible at 
http://ies.ed.gov/ncee/wwc/pdf/WWC_Cognitive_Tutor_052907.pdf. 
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virtual K-1 2 schools. The Florida Virtual School (http://flvs.net), for example, offers a range of multimedia 
content and online courses taught by certified teachers for K-1 2 students. The Colorado Virtual Academy 
(http://www.k1 2.com/cova), the Pennsylvania Virtual Charter School (http://www.pavcsk1 2.org), and 
Virtual Virginia (http://www.virtualvirginia.org) similarly provide students with online learning experiences. 
More than one million students are now served by online classes, covering core and remedial courses. 157 
STEM courses with laboratories can be difficult to put online, but simulations can reproduce aspects of the 
laboratory experience. Online courses need to be evaluated to see what is most effective. 

Online professional development. Online programs have begun to emerge that can help teach- 
ers engage in in-service and off-site professional development. A pioneer in this area, the National 
Teacher Enhancement Network, has been offering online, credit-bearing professional development 
courses in science since 1993. PBSTeacherLine (http://www.pbs.org/teacherline/) andTeachscape 
(http://teachscape.com) are other examples of online resources through which teachers can improve their 
content and pedagogical knowledge. Several universities offer programs ranging from individual short 
courses to full degrees online. 158 Importantly, not all online professional development programs are of high 
quality. It will be important to develop ways to assess programs based on outcomes and certify those that 
are effective. 

Assessments. Information technologies offer incredibly powerful ways of assessing student's thinking 
while they are learning so that teachers can create more effective learning experiences. For example, the 
National Assessment of Educational Progress has been exploring the use of technology-based simula- 
tions, such as determining the relationship between payload masses and the altitude of a helium balloon, 
to measure students' computer skills, inquiry skills, and synthesis skills. 159 Technologies also can collect, 
analyze, and disseminate data about student learning and make this information available to educators, 
schools, districts, states, and the Nation to support continuous improvement in STEM education. 

Integrated learning sites. Wolfram|Alpha (http://www.wolframalpha.com) is a free "knowledge engine" 
that generates immediate answers to questions by mining its internal database in real time. Wolfram| Alpha 
differs from conventional search engines by supplying an explicit response to each query rather than a list 
of sites through which a user must sift to find the information of interest. It also hosts tools of use in the 
classroom setting, such as online lesson plans and demonstrations, and offers apps for common technolo- 
gies like the iPhone. Educators, STEM professionals, and students have developed modules for the site that 
are made publicly available after review for quality control. 

Cloud computing. One of the challenges for schools and school systems is hosting and maintaining soft- 
ware and systems. Some businesses and universities have begun to use cloud computing services, in which 
data and programs reside in off-site repositories, to reduce the cost of maintaining and repairing expensive 
on-site equipment. School systems may benefit from such solutions. 

Games and simulations. Video games and detailed simulations have achieved levels of sophistication that 
make them into compelling tools for learning inside and outside of classrooms. They require and foster 



157 ' C. Christensen, C. W. Johnson, and M. B. Horn. (2008). Disrupting Class: How Disruptive Innovation Will Change the 
Way the World Learns. New York: McGraw-Hill. 

158 ' See, for instance, http://learningcenter.nsta. 0 rg/pr 0 ducts/ 0 nline_c 0 urses/Default.aspx#nsta and 
http://scienceonline.terc.edu. 

159 ' Office of Educational Technology, U.S. Department of Education. (2010). Transforming American Education: 
Learning Powered by Tec/wo/ogy. Washington, DC: U.S. Department of Education. Accessible at 
http://www.ed.gov/sites/default/files/NETP-2010-final-report.pdf. 
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many 21 st -century skills such as systems thinking, problem solving, information tracking and resourcing, 
collaborative information sharing, leadership, teamwork, and communication. 160 For example, Whyville 
(http://www.whyville.net) is a virtual world populated by 5 million children, with more girls than boys, that 
offers science- and math-based activities targeted at 8- to 1 4-year-olds. 161 The Department of Defense has 
also made considerable use of simulations and games for training. 162 



BOX 6-2: TECHNOLOGY-BASED APPROACHES FOR STEM SUBJECTS 

Technology-based materials can be particularly powerful for STEM subjects, because they can assist in visu- 
alization, experimentation, and data collection. 163 Scientific methodology and culture are rapidly changing 
to a digital, collaborative mode. The approaches that have emerged in STEM fields should be shared with 
today's students and featured via innovative technologies and STEM-focused schools. 

Math visualization tools. Visual representations of abstract mathematical concepts can produce learning 
gains that are difficult to achieve in other ways. Graphing software using both calculators and computers 
is already an accepted part of algebra instruction. These visualizations barely scratch the surface of what is 
possible. For example, the SimCalc project 164 makes the "mathematics of change" come alive with computer 
visualizations; it could easily be incorporated into mathematics starting in elementary grades to provide a 
foundation for calculus. Similarly, interactive software can be used to construct and explore principles of 
geometry, allowing students to discover and prove theorems of geometry themselves instead of reproduc- 
ing textbook proofs. GeoGebra, a free open-source mathematics visualization tool for high school subjects, 
and Scratch are two other examples of promising programs. 

Probeware for laboratory experiments. Probeware — systems that allow sensors to feed data directly 
into a computer for immediate analysis and display — allows experiments to be performed more quickly, 
frequently, and flexibly. By providing instant feedback, it helps students understand the importance of 
experimental design and the significance of data. Developed atTERC in the 1980s, probeware now includes 
inexpensive sensors capable of measuring everything from acceleration to energy flows. One vendor, 
for example, has developed an application that wirelessly links probes that measure the tensile strength, 
toughness, and ductility of materials to the iPad and iPhone, where students can measure and interpret 
their results. 165 The Internet System for Networked Sensor Experimentation (iSENSE) enables users to 



160 - Merrilea J. Mayo. (2009). Bringing Game-Based Learning to Scale: The Business Challenges of Serious Games. Paper 
presented at Workshop on Learning Science: Computer Games, Simulations, and Education. Washington, DC: October 6 
7, 2009. Accessible at http://www7.nationalacademies.org/bose/Mayo_Gaming_CommissionedPaper.pdf. 

161, D. Clark, B. Nelson, P. Sengupta, and C. D Angelo. (2009). Rethinking Science 1 Learning Through Digital Games and 
2 Simulations: Genres, Examples, and Evidence. Paper presented at Workshop on Learning Science: Computer Games, 
Simulations, and Education, Washington, DC, October 6-7, 2009. Accessible at 
http://www7.nationalacademies.org/bose/Clark_Gaming_CommissionedPaper.pdf. 

16Z For an example, see http://www7.nationalacademies.org/bose/Fletcher_Gaming_Presentation.pdf. 

163, This list only illustrates some of the many categories and examples of ways technology can enhance STEM 
education. For more information, see Andrew A. Zucker. (2008). Transforming Schools with Technology: How Smart Use of 
Digital Tools Helps Achieve Six Key Education Goals. Cambridge, MA: Harvard; and L. Johnson, A. Levine, R. Smith, and S. 
Stone. (2010). The 2010 Horizon Report. Austin, Texas: The New Media Consortium. For compilations of exemplary 
programs, see http://computedgazette.com/index.html; http://www.sciencemag.org/special/spore; and http://nsdl.org. 

164 ' For more information, see http://www.kaputcenter.umassd.edu/projects/simcalc. 

165 ’ For more information, see http://www.pasco.com/featured-products/airlink-si/index.cfm. 
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contribute data collected using classroom probes and other sensors, view and analyze data from other con- 
tributors, and combine data from multiple sources to examine regional, national, and global phenomena. 166 

Software for virtual experiments. When real experiments are not feasible for reasons of cost, safety, 
time, or scale, interactive computational models with graphical outputs can simulate the experience. For 
instance, the Molecular Workbench simulates the motion of atoms and molecules under good approxima- 
tions of atomic-scale forces and interactions. 167 It can be used to explore a wide range of phenomena that 
depend on atoms and molecules, such as phase change, thermal expansion, diffusion, osmosis, activation 
energy, black body radiation, and protein folding. Depending on how the activity is designed, the program 
is suited for students from elementary grades though college. 

Programming as a tool for teaching computational thinking. One of the earliest educational applica- 
tions of computers involved engaging students in programming using simplified languages. The language 
Logo was invented in 1 967 and used to control a real or virtual robot, called a "turtle, "through simple 
instructions. Logo spawned multiple generations of offspring programming environments, 168 such as 
Lego's Mindstorms robotics product used in robotics competitions and NetLogo, an agent-based version 
of Logo, in which many parties can interact. 169 Another example is Alice (http://alice.org), an innovative 
object-oriented 3D programming environment with which students can create an animation, play an 
interactive game, or prepare a video to share on the web. 

Student collaboration. Networked computers allow students to interact with STEM professionals as well 
as other students worldwide to carry out class projects. For instance, iEARN 170 is an international network 
of more than 30,000 schools in over 130 countries with dozens of curriculum-linked STEM projects for all 
grade levels, most contributed by teachers. The BioKIDS/DeepThink project at the University of Michigan 
is using inquiry-based examinations of organisms and ecosystems to improve learning in high-poverty 
elementary and middle schools in Detroit. 171 



Missing Pieces 

Despite the tremendous activity and advances in educational technology, critical pieces missing from 
the picture are impeding the realization of its full benefit for K-1 2 education: 

1. Coherent integration. Most of the applications described above and many like them have 
to be integrated by teachers into their instruction. Some teachers who are early adopters do 
this routinely, selecting materials they feel fit their students' needs and their own instructional 
goals and preferences. But most teachers lack the time, confidence, content knowledge, and 
inclination to do so. 

i66. p|Np 0 j nt features a range of on-board sensors, a GPS receiver, and a connector for external sensors. F. Martin, 

S. Kuhn, M. Scribner-MacLean, C. Corcoran, J. Dalphond, J. Fertitta, M. McGuinness, S. Christy, and I. Rudnicki. (201 0). 
iSENSE: A Web Environment and Hardware Platform for Data Sharing and Citizen Science. Presented at the AAAI 2010 Spring 
Symposium, Educational Robotics and Beyond: Design and Evaluation, Stanford, CA, March 2010. 

167 ' For more information, see http://mw.concord.org. 

168 ' For more information, see http://el.media.mit.edu/logo-foundation/products/software.html. 

169 ' For more information, see http://ccl.northwestern.edu/netlogo/models. 

170 ' For more information, see http://iearn.org. 

171 ' One of the most carefully studied projects of this sort is Nancy Songer's research on Kids and Global Scientists 
and BioKids. For more information, see http://www.biokids.umich.edu and 
http://drdc.uchicago.edu/community/project.php?projectlD=84. 
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There is currently intense interest — and some preliminary work — combining the best of all the 
technologies and concepts sketched above into larger, coherent curriculum units and complete 
courses.These "deeply digital"materials would use simulations, probes, multimedia, and other 
digital resources as needed. An example of this work is the WISE project at the Technology 
Enhanced Learning of Science Center, 172 which has a platform that has been used to create 
hundreds of learning activities and a public research component. 

The ideal instructional package might include a mix of modules and types of applications that 
could provide alternative paths for different learners. It would have built-in assessments with 
ongoing feedback to the teacher and, optionally, an Al tutor. It would support teachers in doing 
what they do best such as leading discussions and evaluating student work, while leaving time 
for students to explore individually or in small groups. The software would include supports 
for students with special needs, vocabulary and pronunciation aids, and intelligent help.These 
materials might support modest increases in class size while increasing student learning. 

2. Technology platforms and standards for interoperability. A key to realizing the promise of 
technology for education is the availability of open-source technology platforms and standards 
to allow interoperability. By separating the creation and the delivery of content, technology 
standards and platforms have unlocked the creative potential of the Nation in other domains; 
examples include the World Wide Web and the iPhone. 

In education, content creators face the challenge of developing materials that interface with 
other educational technology systems. Schools face the challenge that many educational 
technology systems are based on proprietary formats that cannot exchange or integrate data. 
The availability of common technology platforms would lower the barriers to entry by innova- 
tors and the costs to schools. They would make it easier to author and deliver courseware on a 
wide range of devices. They also would enable schools to draw from a wide range of sources in 
constructing learning programs that meet their needs. 

Such courseware needs the ability to perform a wide range of functions. For example, it needs 
to deliver and sequence pages; handle student interactions with elements on these pages, 
track student progress; support classroom interactions between peers, the teacher, and remote 
classes; and collect data on student performance for the teacher and researchers while control- 
ling access to the data to protect privacy. 

Open-source versions of platforms and materials would greatly reduce the cost and increase 
the speed of developing such courseware. Publishers would be able to copyright and market 
materials made with these technologies, creating a vibrant market in deeply digital materials. 
With open-source platforms and standards, even small players could create new modules. Such 
an environment would allow developers to mix-and-match components to support continuous 
improvement. 

Early efforts to develop common technical standards include the Shared Content Object 
Reference Model (SCORM) developed through the Advanced Distributed Learning (ADL) 
Initiative of the Department of Defense and the more recent Common Cartridge framework 

17Z For more information, see http://wise4.telscenter.org. 
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developed by the IMS Global Learning Consortium. However, much more work is needed to 
develop the required common infrastructure. 

3. Connectivity and Computer Infrastructure. Although almost all schools now have some 
form of connection to the Internet, the levels of connectivity are often not sufficient to meet 
current demands and could fall further behind demand in the future. 173 Connection speeds are 
not high enough in many schools, and new technology-enabled materials will require greater 
bandwidth and more sophisticated tools. Many schools will require significant upgrades to meet 
future demands, and schools in rural or high-poverty areas are at risk of falling farther behind 
more advantaged schools. 

4. Market demand to create a vibrant ecosystem of technology-based innovation. Despite the 
great potential for educational technology, an important challenge is that the current market 
for educational technology tools and services is fragmented. This fragmentation discourages 
private capital and innovative companies from investing in the field. It also inhibits digital 
materials and devices from being produced and distributed at a scale that would drive their 
prices down for schools and school systems. The decision makers who purchase technological 
tools and materials in the K-1 2 public school system in the United States span 50 state education 
agencies, 14,000 school districts, 98,000 schools, and more than 2 million teachers. They must 
follow regulations that constrain how they spend public funds, and they often lack the resources 
to maintain and update their technology infrastructure. The market today is not equipped to 
foster a thriving R&D enterprise for education technology. 

The broad adoption of the Common Core academic standards is a potential watershed for 
improving the dynamics of demand in K-1 2 education. A product created to serve one state 
could now, with minimal additional investment, serve multiple states. This lowers the cost of 
entry for new educational technologies and makes the market more attractive for investors. 

In addition, considerable progress could be made through greater collaboration among states 
and districts in the evaluation and purchase of products. The Achieve Algebra II consortium 
and the Race to the Top assessment program have established precedents for multistate col- 
laboration in assessment. Similar consortia could aggregate evaluation and demand in ways 
that attract substantial private capital. In addition, modular design of instructional materials 
could lower barriers to entry for small developers. 



A Vision for Technology-Driven Innovation in K-1 2 Education 

Based on ongoing advances in information technology, PCAST strongly believes that technology initia- 
tives should be a central agent of change in K-1 2 STEM education. These initiatives should draw on the 
following vision: 

1. Deeply digital, whole-course instructional materials with several alternative versions 
for all major STEM courses. These materials should make optimal use of text, images, videos, 
interactive simulations, games, collaboration tools, embedded assessments, and adaptive prob- 

173 ' Federal Communications Commission. (2010). Connecting America: The National Broadband Plan. Washington, 

DC: Federal Communications Commission. 
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lem engines. The materials should take advantage of and provide access to rich data sets and 
computational techniques available in STEM research communities. They should be designed 
in a modular fashion so that they can be readily expanded, changed, improved, adapted, and 
updated to fit different needs and settings. Because the majority of STEM education at the 
middle school and high school level falls into a few dozen courses, it should be feasible to create 
at least several alternative versions for each. 

2. Modular components for use in instructional materials. STEM practitioners in universities 
and industry should be able to contribute modules that can be combined into whole courses 
so that parts of the course can, on the basis of ongoing research, be changed and continually 
improved. These modules could consist of images, short videos, simulations, and data sets. 
Many STEM practitioners who are not in a position to create whole-course materials would be 
eager and able to contribute superb components, often in an open-source manner through 
Wikipedia-like mechanisms.These modules could be invaluable tools for developers of instruc- 
tional materials. Incentives for the creation of such modules could include grants, prizes, and 
recognition. 

3. Testing systems and test materials. Assessments should enable data mining and collection 
of student performance data on an ongoing basis, not just at the end of a school year. Such 
systems also should collect data on student and teacher experiences with curricular materials 
with which to improve materials on a continual basis. 

4. Personalized tutoring that extends beyond the classroom. Online tutors who can customize 
the pace and delivery of material can help students who are struggling by providing individual- 
ized attention and instruction that is accessible 24/7. Accelerated students also should have 
access to enriching learning experiences and challenges so that their knowledge and achieve- 
ment grow over time. 

5. Automated systems and software to aid teachers. Educational technology can save teach- 
ers time by helping them grade, get student feedback, gauge how particular topics should be 
taught, and create lesson plans. Such systems should be easy to use, integrated with digital 
curricular materials, and accompanied by training modules for teachers. They should facilitate 
teachers' creation of online learning communities for their students, as well as networks with 
other teachers and with STEM professionals. 

6. Technical platforms, standards, and exchange languages for digital educational materials, 
data, and services. As discussed above, common infrastructure will lower the barriers to inno- 
vation, promote competition, lower costs to schools, and facilitate data collection and analysis. 



Need for an Advanced Research Projects Agency 

Ultimately, the impact of information technology on K-1 2 education will be realized through the efforts 
of developers of instructional materials, computer scientists, publishers, technology providers, teach- 
ers, schools, and local and state education authorities. But the Federal Government has a unique role 
to play: Only the Federal Government is in a position to support the underlying R&D needed to drive 
this transformation. 
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Specifically, the Federal Government can and should support: 

1. The development of interoperable, open-source technologies upon which instructional materi- 
als can be constructed for all subjects. 

2. Research on the educational impact of STEM materials based on these technologies. 

3. Development of initial versions of coherent, research-based, course-length materials for all 
STEM areas (which would give rise to specific products marketed by large and small educational 
entrepreneurs). 

4. Research on new kinds of assessments and new ways to develop assessments. 

5. Mechanisms to engage public and private sector researchers to address grand challenges for 
education R&D, such as those described in the National Educational Technology Plan. 

The participation of for-profit companies, nonprofit organizations, and government agencies in the 
development of interoperable, open-source technologies will propel continuing technical innovations. 
Competition to develop and market whole-course instructional materials based on these innovations 
will ensure the wide dissemination and continued support of the best materials at reasonable costs to 
schools. 

The Federal Government has sought in the past to propel educational technology in general and with 
respect to STEM subjects, but these have fallen short of what is needed. 

• The National Science Foundation launched the National Science Digital Library (NSDL) in 2000, 
with the aim of collating various educational materials related to STEM in a web-based portal for 
teachers. It does not, however, sufficiently address the issues of interoperability or teachers' need 
for coherent, easy-to-find, whole-course instructional materials. It is online, but its materials are 
not necessarily technology based. It has not marshaled investment from the private and public 
sectors in mission-driven R&D to develop innovative technology-based platforms, assessments, 
and materials for K-1 2 education and has only a limited impact on education. 

• The Higher Education Act of 2008 authorized the creation of the National Center for Research in 
Advanced Information and Digital Technologies, also known as Digital Promise. Digital Promise 
was structured as an independent nonprofit foundation housed within the Department of 
Education to undertake precompetitive education technology research and development. With 
sufficient resources, it could play a useful role in fostering interagency collaboration on educa- 
tion R&D and private-public research initiatives. But Digital Promise cannot achieve the goals 
discussed in this chapter. Its design and governance structure are not suited for a mission-driven 
focus that will support project-oriented educational R&D to produce technology platforms, 
whole-course curricula, assessments, and learning systems that can be brought to scale in the 
K-1 2 school system. 

To accomplish the goals laid out in this report, the Federal Government needs a framework to sup- 
port mission-driven R&D in K-1 2 STEM education. We are convinced that this work cannot be done 
through typical grants from the Department of Education or the NSF's Education and Human Resources 
Directorate. The culture of grant review and supervision is not well suited to the needs. Instead, an entity 
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is required that has the knowledge and culture to manage technology investments in a mission-driven 
manner, including development of technology platforms and large integrated projects.The entity must 
be driven by a mission to improve educational technology and to spread innovations into schools and 
classrooms. 

We believe that the best solution is to create an entity that we will refer to as the Advanced Research 
Projects Agency for Education (ARPA-ED), with would work collaboratively with both the Department 
of Education and the NSF.The entity could reside in one of these agencies or as an independent entity 
governed by both. Regardless, it must have the culture and the leadership to spearhead mission-driven 
educational innovation and to achieve widespread results. 



RECOMMENDATION 6-1 : CREATE AN ADVANCED RESEARCH PROJECTS AGENCY 
FOR EDUCATION (ARPA-ED) 

The Federal Government should create an entity, which we will refer to as an Advanced Research 
Projects Agency for Education (ARPA-ED), with the primary goal of propelling and supporting (i) the 
development of innovative technologies for learning, teaching and assessment across all subjects 
and ages, and (ii) the development of effective 'deeply digital' whole-course instructional materials 
for STEM education that prepare and inspire the next generation of American students. (See Box 6-3 
for a fuller description of ARPA-ED activities.) 

ARPA-ED should have a mission-driven focus to engage in directed development projects with the 
potential to produce revolutionary improvements. The entity should have the ambition, account- 
ability, authorities, and flexibility that have historically characterized the Defense Advanced 
Research Projects Agency (DARPA). It should aim to ensure that high-quality digital technologies 
and instructional materials are put into widespread use in K-12 classrooms. 

ARPA-ED should be tightly coupled to both the National Science Foundation and the Department 
of Education, and, especially in its early years, it should also work closely with DARPA. The precise 
organization structure should be worked out by the administration, but it should ensure that 
ARPA-ED has strong leadership and a strong culture that is distinct from existing grant-making 
programs at NSF and ED. ARPA-ED should be initially funded at a level of $1 00 million, and will 
eventually require a budget in excess of $200 million per year. ARPA-ED should also work closely 
with visionary corporations, universities, and foundations to accomplish the goals, including in the 
development of instructional materials. 

We recommend that the Department of Education and National Science Foundation, with the 
coordination from the Domestic Policy Council, undertake a rapid six-month study of how best to 
implement ARPA-ED, including examining how the agencies could begin the work using existing 
authorities and funds. We also recommend that ED and NSF convene a series of workshops with 
stakeholders to identify the most important initial projects. 
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BOX 6-3: ARPA-ED GOALS AND ACTIVITIES 

ARPA-ED should nurture a vibrant ecosystem of for-profit and not-for-profit organizations, serving 

individual learners and state and local education authorities, by providing support for such activi- 
ties as: 

• Development of common technology platforms, to facilitate development and integration of 
content from diverse sources and data exchange among platforms. 

• Development of technology-based learning platforms that can readily combine text, short 
videos, lectures, demonstrations, and interactive simulations into coherent content in a modular 
manner that can be readily customized or extended; that employ adaptive content and tutoring 
systems to tailor learning to each student; and that incorporate systems based on student and 
teacher feedback and on student performance to allow continuous improvement in the pace and 
effectiveness of learning. 

• Development of "deeply digital" whole-course materials for K-1 2 STEM education, including 
instructional materials; homework problems; research problems; formative and cumulative 
assessments; and professional development materials. The goal should be to create multiple 
alternative whole-course versions for all STEM courses, including both in-class courses for use 
in schools and self-paced, self-directed courses that allow students to achieve or surpass STEM 
curricula in non-traditional ways. 

• Development of modular instructional materials by the STEM community, such as simulations, 
videos, and research problems, encouraged and incentivized through novel mechanisms such as 
prizes. 

• Development of innovative assessments that could be created more efficiently and could test 
understanding more deeply. 

• Rapid prototyping and evaluation of systems and materials in classrooms. 

• Data-mining initiatives, in partnership with states, districts, and consortia of school, to use 
research on anonymized longitudinal data to improve educational practice. 

• Pre-competitive consortia to stimulate research and development of pre-competitive technolo- 
gies of broad importance. 

• Innovative procurement consortia of state and local education authorities to aggregate demand 
for new learning technologies and approaches. 

• Innovative ways to ensure broad dissemination and effective uses of tools and content, including 
through availability of open-source reference implementations and development of open-access 
materials. 
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Jumpstarting ARPA-ED. While the formal creation of ARPA-ED may require time, we believe that 
the Department of Education and the National Science Foundation can begin this work through an 
interagency collaboration using existing authorities and funds. Some near-term possibilities include: 

• Using a portion of the Investing in Innovation (i-3) funds at the Department of Education to 
support ARPA-Ed activities. 

• Aligning the goals of the NSF's Cyberlearning and Transforming Education Initiative with the 
goals of ARPA-Ed. 

• Utilizing the National Center for Research in Advanced Information and Digital Technologies 
(Digital Promise) to launch a public-private partnership focused on high priority opportunities. 

There are advantages and disadvantages to each of these approaches, and we therefore recommend 
that the agencies develop a plan to ensure the long-term success of ARPA-Ed while undertaking the 
intensive 6-month implementation study recommended above. We also encourage the Department of 
Education and the National Science Foundation to consider how to engage the other science mission 
agencies, in particularthe National Institutes of Health, which is developing technology-based learning 
tools, in the work of ARPA-Ed. 

It is also important to identify key initial projects, including specific technology platforms and particular 
courses for the development of instructional materials. For this purpose, ED and NSF should convene a 
workshop including state and local education authorities; education publishers; innovative companies 
that create platforms, modules, games, virtual communities, and instructional materials; experts in 
learning science; technology industry leaders and innovators; teachers; school administrators; parents; 
and students. 

In parallel with this heightened R&D activity, it is important that the Congress support the administra- 
tion's initiatives to ensure that the Nation's schools have adequate infrastructure for technology, as laid 
out in the administration's National Broadband Plan and the National Educational Technology Plan. 
Over time, the plummeting costs of technology and networking and the availability of comprehensive 
learning materials will enable most schools to provide adequate technology. Eventually, the total costs 
of technology-based approaches will become comparable to textbooks (they are currently estimated 
to be two- to three-fold higher), at which point schools will move naturally toward such solutions. At all 
stages, however, it will be important to ensure that low-income schools are not unfairly disadvantaged. 
In addition, it is critical that programs provide long-term information technology support for schools to 
maintain, repair, and update their technological tools and that teachers be provided with technology 
training. 
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VII. Students 



There exists a passion for comprehension, 
just as there is a passion for music. 
That passion is rather common in children, 
but gets lost in most people. 

Albert Einstein 



CHAPTER SUMMARY 

STEM education in K-12 relies on our ability to motivate and inspire students. This involves creating exciting 
opportunities for students to have individual or team-oriented experiences with the ideas, discoveries, and 
emerging knowledge in STEM fields. Two key avenues can provide students with experiences that allow 
them to explore and challenge themselves with STEM. The first is out-of-class and extended day activities 
that include contests, laboratory experiments, field trips, and more. The second is advanced courses that 
press students to set ambitious goals and achieve at higher levels. All students should have opportunities 
to have these two kinds of experiences. In particular, girls and members of minority groups underrepre- 
sented in science and engineering can find inspiration in these activities and mentors and role models 
that encourage them to study STEM subjects and enter STEM professions. The Federal Government should 
launch a coordinated initiative for out-of-class and extended day programs in STEM. Existing after-school 
programs should be reoriented toward STEM experiences, and support for contests and programs in STEM 
should be increased. In addition, the Federal Government should take steps to ensure that many more 
students take and succeed in advanced classes in STEM subjects that go beyond the standard curriculum. 



Introduction 

Every child is a scientist, it is often noted . 174 Children are naturally curious and creative. When students 
realize that they can discover new things about the world and construct explanations about how the 
world works, discovery can become a deeply personal and lifelong passion. STEM education should 
build on the proclivities of young people to think carefully about profound issues, solve problems that 
pose risk to human societies, create and fix mechanical objects, observe or understand phenomena 
that no one has observed or understood before, probe the behaviors of people, or any of a wide variety 
of other activities. 

These personal experiences are an important source of inspiration and learning for students. They 
demonstrate the power and applicability of the material taught in mathematics and science classes. 
They show how continued study in these fields can lead to meaningful and productive careers. They 



174 Alison Gopnik, Andrew Meltzoff, and Patricia Kuhl. (1 999). Scientist in the Crib: What Early Learning Tells Us About 
the Mind. New York: HarperCollins. 
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give students a reason for studying STEM subjects and high goals toward which they can strive. They 
help incite a passion for STEM that can fuel a career and last a lifetime. 

Research shows that boys and girls who show interest in STEM in eighth grade can be three times 
more likely to later pursue degrees in STEM fields. This underscores the importance of giving children 
exciting opportunities in STEM early in life, and shows that the effects of such experiences can be long 
lasting. 175 For example, Nobel laureates, when asked what had led them to pursue science, frequently 
cited experiences such as experiments done out of school (such as with home chemistry sets), books that 
had captured their imagination, and teachers who had inspired and guided their personal interests. 176 
Teachers, families, and communities can all play a role in fostering children's experiences that spark 
interest in STEM. The large number of people in the scientific and engineering communities who are 
willing to devote time to aiding students, including the more than a million engineers and scientists 
in the United States over age 60 and the more than half a million doctoral students and postdoctoral 
trainees, could represent a great asset for such activities. 177 

While shared standards can help ensure that all students reach certain levels of knowledge and capa- 
bility in STEM subjects, standards alone are not sufficient to provide what the Nation needs in STEM 
education. Students need opportunities to establish deeper engagement with and to learn science and 
mathematics in non-standard, personal, and team-oriented ways that extend beyond the curriculum 
and the classroom. This is especially vital for identifying and nurturing high achievers and future STEM 
innovators. 



Out-of-Class and Extended Day Activities 

Out-of-class and extended day activities in science, technology, engineering, and mathematics can 
take many forms and can serve students regardless of their level of achievement in a formal learning 
environment. Students could participate in school-based mathematics contests, science fairs, or robot- 
ics competitions. They could attend after-school programs in which they connect mathematics with 
household activities, build robots using Legos, tell stories with animation technology, or study wildlife. 
They could visit museums, zoos, and aquaria or work as interns in science centers and state parks. 178 They 
could enroll in weekend programs or summer camps on engineering, astronomy, or number theory. 
They could work as interns with STEM-oriented companies in their cities and towns, attend lectures by 
STEM practitioners, or be mentored or tutored by people in their communities who work in STEM fields. 
They could use design labs that give them access to sophisticated fabrication laboratories. Evaluations 
of such programs rated as high quality show that they are associated with increases in student achieve- 
ment and other positive outcomes. 179 



175 ' A. V. Maltese andTai, R.H. (2010). Eyeballs in the Fridge: Sources of Early Interest in Science. International Journal 
of Science Education 32:669-685. 

176 ' Istvan Hargittai. (2002). The Road to Stockholm: Nobel Prizes, Science, and Scientists. New York: Oxford University 
Press. 

177 ' Donald G. Rea and Katherine M. Nielsen. (201 0). A Volunteer Army for Science. Science 329:257. 

17S ' For more information about the range of programs offered by these organizations, see the information 
compiled by the Coalition for Science After School (SAS), which represents 1,400 organizations and over 5,000 after after- 
school programs with a STEM focus in all 50 states. Its website can be accessed at http://afterschoolscience.org. 

179 ' D. L. Vandell, E. R. Reisner, and K. M. Pierce. (2007). Outcomes Linked to High-Quality Afterschool Programs: 
Longitudinal findings from the Study of Promising Afterschool Programs. Irvine, California: University of California. 
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Opportunities to learn STEM outside of school are especially important for members of groups under- 
represented in science and engineering, including girls, African-Americans, and Hispanics. As early as 
elementary school and middle school, many students from these groups begin to think that they will 
not or cannot excel at STEM. These messages sap the natural interest and lower the performance of 
groups underrepresented in STEM fields. Out of class activities can counter these messages by showing 
students that they can succeed at STEM and that STEM is not reserved for certain types of students. Also, 
they can connect students with role models and mentors who take an interest in their success in those 
fields and believe in their promise. In addition, group-based STEM activities can play an important role 
in forming peer groups interested in STEM and in changing the culture of STEM to attract students with 
diverse backgrounds, interests, personalities, and learning styles. In this way, out-of-class activities can 
build interest and persistence in STEM subjects for girls and the members of minority groups . 180 

Out-of-class activities also offer one way for students who are at risk of failing classes or dropping 
out of school altogether to get back on track. These activities can be more personalized than in-class 
instruction, which means that they can identify the point of connection between a STEM field and an 
individual student and build on that connection. Many struggling students who later achieve success 
in STEM professions gain their first real experience with the fields in an after-school activity . 181 

Out-of-class activities are of equal importance to high-achieving students. Such students can be at risk 
of abandoning their interest in STEM subjects, including failing classes or even dropping out of school, 
because they are bored by their coursework and not inspired by their teachers. Out-of-class activities 
give these students an outlet for their abilities in STEM subjects and new challenges. Activities that have 
interested many high-achieving students have diminished in recent years, and teachers report that 
they have less time to spend on these students as they devote increasing attention to low-performing 
students to meet accountability requirements . 182 Yet these out-of-class activities can be an important 
way to motivate and inspire the next generation of world-leading researchers and innovators. Federal 
funding for such programs has dwindled, however, and one of the last remaining Federal initiatives 
along these lines, the Javits Program, is probably about to lose the ability to focus on nurturing the 
gifted and talented. 

There are a variety of approaches to STEM-focused activities: 

After-school programs. Millions of children already participate in out-of-school programs. 
Most of these programs have no particular connection to STEM but could be adapted to include 
such connections. For example, the Twenty-First Century Community Learning Centers are 
after-school programs funded by the Federal Government under Title IV of the Elementary 
and Secondary Education Act. Many of these centers are in communities with low historical 
participation in STEM fields, and they typically have focused on youth development rather 
than STEM subjects. These community learning centers could provide enriching experiences in 
STEM if instructors were provided with engaging materials and the preparation and guidance 
to use those materials. 

180 ' P. Bell, B. Lewenstein, A. W. Shouse, and M. A. Feder (Eds.). (2009). Diversity and equity, Chapter 7. In Learning 
Science in Informal Environments: People, Places, and Pursuits. Washington, DC: National Academies Press. See also 
http://www.girlscouts.org/program/program_opportunities/science, http://hestec.utpa.edu, http://mesa.ucop.edu. 

181 ' P. A. Lauer, M. Akiba, S. B. Wilkerson, FI. S. Apthorp, D. Snow, and M. Martin-Glenn. (2006). Out-of-School-Time 
Programs: A Meta-Analysis of Effects for At-Risk Students. Review of Educational Research 76:275-313. 

182 ' Nicholas Colangelo and Gary A. Davis (Eds.). (2005). Handbook on Gifted Education. Boston: Allyn and Bacon. 
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STEM contests. Out-of-class STEM contests that reward creativity and problem solving can 
be particularly powerful experiences for students (see Box 7-1). They involve students deeply 
in a subject and introduce them to a community of like-minded peers. Examples include 
the Siemens Competition in Math, Science and Technology, Mathcounts, the Intel Science 
Talent Search and International Science and Engineering Fair, the FIRST Robotics Competition 
(described below), and many exclusively local and regional competitions. More students would 
be able to participate in these competitions if there were more such contests and students were 
properly supported. Students in under-resourced communities may need funding for entry fees, 
materials, and travel expenses to participate in those programs.Teachers who elect to engage 
and support these students often need training, materials, and supplemental pay. 

Designing and building. Out-of-class and advanced day activities also provide excellent oppor- 
tunities for extended projects based on inquiry, construction, and discovery. These projects can 
combine digital and physical resources in ways that interest all students, not just those with a 
pre-existing interest in STEM. For example, the Playfully Inventing and Exploring (PIE) project 
uses hands-on, inquiry-based investigations to enable students to create art, automated devices, 
and narratives. Fab Labs (see Box 7-2) provide students with equipment and materials that they 
can use to invent, design, and construct an essentially limitless range of devices. More recently, 
the Maker's Faire has spawned a movement to have young people in after-school programs 
devise and carry out their own do-it-yourself projects. These opportunities spark interest in STEM 
while also providing students with the skills, thinking capabilities, and background knowledge 
they need to excel in STEM subjects. Box 7-3 describes two more programs designed to instill 
STEM knowledge and skills in students traditionally under-represented in STEM fields. 

Summer programs. Many of today's STEM professionals were inspired to choose careers in 
STEM by programs sponsored by the Federal Government. In the 1 960s and 1 970s, for example, 
the National Science Foundation supported the Student Science Training Program (SSTP) for 
high-ability secondary school students. 183 These students participated in in-depth classes or 
research projects during the summer, typically between their junior and senior years.The objec- 
tive of the program was to build the interest of science-oriented high school students through 
direct experience with college-level instruction and research. The Federal Government has 
eliminated many of its programs for highly talented students. 



183, Alexander W. Astin. (1971). The pre-college student science training program of the National Science 
Foundation: An empirical analysis. The Journal of Experimental Education 39:1-12. 
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BOX 7-1 : STEM CONTESTS 

Contests and demonstrations involving science, technology, engineering, and mathematics can be tremen- 
dously rewarding for students who compete in them, regardless of where they finish in an event. From the 
Science Bowl to the Intel Talent Search, millions of students each year gain experience with the methods and 
subject matter of STEM through demonstrations and contests. Contests involving technology give students 
an opportunity to build something that exercises their creativity and reasoning. For example, the FIRST 
Robotics Competition challenges high school students from around the world to solve a particular engineer- 
ing problem each year. Teams are given a standard set of parts and game details in January, and they then 
have six weeks to construct a robot that performs specific tasks. Volunteer mentors, including engineers and 
technology professionals, provide guidance. In 201 0, the program will reach nearly 48,000 students from 
throughout the United States as well as Brazil, Canada, the United Kingdom, Mexico, Chile, Germany, Israel, 
Turkey, Australia, and the Netherlands. 

Math competitions also engage large numbers of students in the United States in STEM. Each year more 
than 250,000 middle school students use materials prepared by Mathcounts. Through a series of team and 
individual competitions at the school, district, and state level, 224 students are selected from 56 states and 
territories to participate in the Mathcounts national competition. In high school, many students compete 
in math clubs and in the series of competitions sponsored by the Mathematical Association of America. 
These competitions result in the selection of the six-person U.S. team that participates in the International 
Mathematical Olympiad each year. The U.S. team consistently finishes near the top of the competition. 

Many students who become interested in mathematics through contests look outside their schools for 
opportunities to engage their intellectual passions and find communities of similar students. Over the last 
seven years, more than 65,000 middle and high school students interested in mathematics have gathered at a 
website sponsored by the Art of Problem Solving (www.artofproblemsolving.com).The website also provides a 
wide variety of free resources used by high-performing middle and high school mathematics students around 
the world, including an adaptive learning system, videos, and a community-built repository of problems and 
solutions. In addition, the Art of Problem Solving organization develops textbooks and online classes that use 
creativity and problem solving to teach the middle school and high school mathematics curriculum. 



BOX 7-2: FAB LAB 

The Fab Lab program, run by the Massachusetts Institute of Technology's Center for Bits and Atoms, was 
designed for informal, peer-to-peer technical training, but innovative educators are harnessing its potential 
to engage and inspire children in STEM subjects. Fab Labs offer the tools needed to conceive, design, and 
fabricate a wide range of objects — from a communications circuit board to a small building. The labs house 
computers, machinery, and raw materials with which participants can build a wide array of inventions. For 
example, students have devised solar-powered cooking gear, replacement parts for out-of-date machines, 
mobile refrigeration units, wireless data networks, and a toothbrush with a built-in MP3 player. The labs aim 
to spark creativity and offer users the opportunity to learn by designing and creating objects of interest and 
importance. 

Since MIT constructed the first Fab Lab in 2002, communities worldwide have taken advantage of them. 
More than 40 labs currently exist in countries around the world, including Afghanistan, Colombia, Norway, 
and the United States. Fab Labs around the world can contact one another through an online network to 
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exchange ideas and troubleshoot challenges. Students can tap into knowledge that they do not yet pos- 
sess — and help others brainstorm solutions to demanding problems. Students can acquire many STEM 
capabilities through the Fab Lab program: They apply mathematical and geometrical knowledge, learn 
key engineering and design principles, evaluate materials and chemical properties, and gain proficiency in 
fabrication, electronics, circuit design, and programming. 

A few U.S. schools have begun to incorporate Fab Labs into their curricula. In East Cleveland, Ohio, tenth grad- 
ers at the MC2STEM High School have fabricated solar-powered iPod chargers and light fixtures. Because their 
school sits on a STEM industry corporate campus, engineers and technicians help students and teachers with 
projects and test potential solutions to their own real-world problems in the Fab Lab, thus exposing students 
to STEM in the real world. In the United States, a few thousand children are currently benefiting from formal 
and informal Fab Lab programs in science museums and other locations as well as their schools. 



BOX 7-3: STEM FOR ALL 

Programs that seek to engage underrepresented groups of students in STEM, including minorities and girls, 
have demonstrated that out-of-school and extended day activities can spark interest and provide needed 
encouragement and mentoring in STEM.Two examples, Project Exploration and Expanding Your Horizons, 
are described here: 

Project Exploration, a nonprofit science education organization, offers experiences with science to tradi- 
tionally underserved communities, especially minority youth and girls. Its free-of-charge programs engage 
more than 250 Chicago public school students each year. Participation does not require previous academic 
success; rather, open-minded, curious children are invited to explore science with like-minded peers under 
the guidance of adults who serve as role models as well as instructors. 

Project Exploration strives to connect young people with working scientists outside the conventional class- 
room. For example, its Dinosaur Giants program trains public high school students to serve as docents at 
the Museum of Science and Industry, the Garfield Park Conservatory, and The Field Museum. The enterprise 
teaches students facts and history about particular exhibits and instructs the young docents to communi- 
cate with the public as they lead tours, answer questions, and facilitate educational programs. A different 
Project Exploration venture, the Junior Paleontologist program, immerses minority youth and girls in 
geology, anatomy, and paleontology — and then it sends them into the field to search for fossils alongside 
scientists. After the students return from this three-week summer program, they receive mentoring and 
leadership-development opportunities until their high school graduation. 

Expanding Your Horizons, a nonprofit network of scientists, mathematicians, educators, parents, com- 
munity and business leaders, and government officials, provides mentoring, encouragement, and support 
to girls to pursue STEM subjects, excel in them, and eventually pursue STEM careers. In 201 0, the National 
Science Board awarded its prestigious Public Service Award to Expanding Your Horizons in recognition of 
this work. The network holds more than 80 conferences annually in 33 states and in Europe and Asia, which 
feature workshops to conduct hands-on STEM projects and experiments for girls to participate in with the 
help of STEM mentors. Since 1976, more than 775,000 girls have participated in these conferences, examin- 
ing rocks and fish, building machines, dismantling computers, and solving problems. The network also con- 
nects girls with STEM mentors and trains educators to better support girls in STEM subjects. 



★ 100 ★ 





VII. STUDENTS 



Federal Support for Out-of-Class and Extended Day Activities 

The Federal Government can and should play a significant role in expanding opportunities for high- 
quality STEM-focused out-of-class activities. This will require a wide-ranging and thriving ecosystem 
of programs that respond to the needs of children as well as communities. Kids need more time to 
learn, and they need to learn in different ways — including through both extended day and afterschool 
programs. Moreover, different communities have different needs. 

Federal agencies currently support out-of-class programs with STEM activities, but these efforts are 
often ad hoc rather than part of a coherent strategy. Some of the programs are successful but are not 
coordinated with other programs. Many of the programs are not built on solid educational expertise. 

In addition, the Federal Government supports many programs that currently lack STEM-focused com- 
ponents, but it could reorganize those initiatives into a coordinated program that incorporates STEM. 
Most prominent are the 21 st Century Community Learning Centers, mentioned earlier in this chapter, 
which serve more than 1 .5 million students through after-school programs at nearly 1 0,000 centers. 184 
Funding for STEM activities through these centers in the 25 states that report data for individual 
programs is estimated to be $156 million and would likely be much higher if programs from all states 
were included. 185 These programs could provide many more opportunities in STEM if instructors were 
provided with high-quality materials and professional development. Given the nature of these programs, 
online professional development could be a particularly promising route. Out-of-class and extended 
day programs also offer fertile ground for partnerships between government and the private sector. 

While we know that individual experiences are critical to attracting many students to STEM, we lack 
systematic knowledge about which types of programs serve best to inspire students to pursue STEM, and 
which qualities of successful programs are important to replicate. Even in the absence of such informa- 
tion, it is important to vigorously support programs that provide individual STEM-focused experiences. 
But it is important that we study these programs over time and learn from our investments. 



184 ' Learning Point Associates. (2007). 27 st Century Community Learning Centers (21 st CCLC) Analytic Support for 
Evaluation and Program Monitoring: An Overview of the 21 st CCLC Performance Data: 2005 06. Chicago, IL: Learning Point 
Associates. 

185 ' Ibid, Chapter 3. 
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RECOMMENDATION 7-1 : INSPIRING STUDENTS THROUGH DIRECT EXPERIENCES 

The Department of Education and National Science Foundation, together with the other Federal sci- 
ence mission agencies, should develop a coordinated initiative — which we will call INSPIRE186 — to 
provide students with high-quality opportunities for individualized, transforming experiences with 
STEM subjects. 

INSPIRE should provide vigorous support for high-quality programs that can inspire students about 
STEM subjects, including: 

• High-quality STEM activities in after-school and extended day programs, together with support 
for programs to train providers and develop high-quality instructional materials. 

• Local, statewide, and national STEM contests, including increasing the number of such contests, 
extending participation to more schools and communities, and supporting programs that prepare 
instructors and participants. 

• Programs and facilities that let students design and create their own devices and machines such as 
through access to sophisticated fabrication capabilities. 

• Summer programs for high school students, such as a revival of the National Science Foundation's 
Student Science Training Program. 

Special attention should be paid to programs that focus on engaging and addressing the needs of 
girls, minorities underrepresented in STEM fields, and students with disabilities. Federal agencies 
should maintain an inventory of such programs, assess the effectiveness of each program with 
respect to preparation and inspiration, compare results, and report regularly on these efforts. 
Schools should look to these out-of-school programs for ideas that might be brought into the class- 
room, and should consider recognizing student experiences in these programs where appropriate 
with academic credit. 

Importantly, the agencies should also engage visionary corporations and foundations in developing 
and supporting programs under INSPIRE. 



The science mission agencies currently support many out-of-school activities that could be part of this 
program, but they are not well coordinated. In addition, the Department of Education funds support 
many out-of-school and after-school programs, but these are often part of block grants and thus not 
readily targeted for STEM. The INSPIRE program could be supported by coordinated funding from 
the science mission agencies, together with targeting a portion of the Department of Education's 21 st 
Century Learning Centers grants toward STEM (although this may require new authorities). Through 
such sources, it should be possible to devote $500 million annually in existing Federal funding to such 
initiatives. 

We also note that the corporate and philanthropic sectors have played and can continue to play a 
significant role in supporting STEM-focused programs that inspire students. We urge that the Federal 
strategy in implementing this recommendation be complemented by and coordinated with a more 
substantial contribution of private and philanthropic groups, such as Change the Equation. 

186 ' INSPIRE could, for example, serve as an acronym for: Individualized STEM Programs to Interest, Re-engage, and 
Educate. 
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Advanced Classes 

Opportunities for accelerated learning and new challenges within school also can give students a 
personal connection to STEM subjects. Advanced classes are one way to achieve this. These classes 
can exist at any educational level. "Pull-out"sessions in elementary school and middle schools can give 
students who want to go beyond the standard curriculum a way to explore their interests. Advanced 
courses at the high school level, as well as access to college courses, Advanced Placement (AP) courses, 
the International Baccalaureate (IB) program, and dual enrollment classes in high school, can offer 
students access to rigorous STEM study and high levels of achievement. 

We focus on three opportunities at the high school level: 

1 . Advanced Placement courses. AP courses provide an important and meaningful opportunity 
to achieve an objective high standard that is nationally recognized. Student enrollment in these 
programs is one of the bright spots of STEM education in recent years. 187 More than 250,000 
students passed a mathematics AP exam in 2008, compared with just over 50,000 in 1990. 
More than 200,000 students in public and private schools passed a science AP exam in 2008, 
compared with fewer than 50,000 in 1 990. More students of both sexes and all minority groups 
took AP tests in these subjects in 2008 than in 1 997. 

Many more students appear to be capable of performing AP work. Based on PSAT scores, there 
are 633,000 additional high school students in the United States who would be predicted to be 
able to pass AP Calculus, if given the opportunity with a trained teacher. Notably, only about 
7,000 African-American and Hispanic students currently pass AP Calculus, but 1 23,000 would 
be predicted to be able to pass. Longitudinal studies have shown that successfully passing AP 
exams is correlated with successful outcomes in college. And specific programs that combine 
increased AP enrollment (especially for under-represented students) with significant teacher 
professional development and extra time on task for students show higher four-year-college 
graduation rates among African-American and Hispanic students who participated in the 
program than among students who did not. 188 Such studies are difficult to interpret, because 
correlation does not imply causation. Still, there is reason to believe that participation in courses 
with high academic intensity, such as AP classes, is a positive experience in preparing students 
for later academic challenges. 

There are understandable concerns about the AP program: AP classes can cover a large number 
of topics at such a rapid pace that students and teachers can both feel rushed to cover the 
material, resulting in a superficial rather than robust grasp of important concepts. AP courses 
and AP exams generally do not promote inquiry-based science, which is critical for inspiring 
students to pursue STEM careers. Importantly, the College Board is engaged in work to change 
the AP curriculum and exams to address these issues. The Advanced Placement Training and 



187 ' National Science Board. (2010). Science and Engineering Indicators: 201 0. Arlington, VA: National Science 
Foundation. Accessible at http://www.nsf.gov/statistics/seind10/start.htm. 

188 ' C. Kirabo Jackson. (201 0). A Stitch in Time: The Effects of a Novel Incentive-Based High-School Intervention on 
College Outcomes (NBER Working Paper No. 1 5722). Cambridge, MA: National Bureau of Economic Research. Accessible at 
http://www.nber.org/papers/w15722.pdf. 
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Initiative Program (APTIP) is also attempting to address these issues. 189 We strongly endorse 
such changes, which ideally will have a ripple effect on the rest of the high school curriculum. 

Some programs have been developed in recent years for training teachers to teach AP courses 
and for providing incentives to both teachers and students. 190 An example is discussed in Box 7-4. 



BOX 7-4: ADVANCED PLACEMENT TRAINING AND INCENTIVE PROGRAM 

The Advanced PlacementTraining and Incentive Program (APTIP) aims to increase the number and diver- 
sity of students taking and passing College Board Advanced Placement courses and exams in mathemat- 
ics, science, and English, with the goal of elevating participating schools' expectations for their students 
and transforming schools' cultures toward college-readiness for all. 191 The program, administered by the 
National Math and Science Initiative, Inc., was highlighted in the 2005 report Rising Above the Gathering 
Storm published by The National Academies of Science. 

APTIP provides intensive teacher preparation, teacher and student support, open and encouraged enroll- 
ment in AP courses, financial incentives for students and teachers based on academic achievement, 
specific and individualized annual achievement goals, and robust data collection to ensure accountability 
at all levels. It cultivates lead teachers who mentor their colleagues, including those who teach pre-AP 
students and are thus best positioned to expand the number and diversity of students in the pipeline for 
future AP classes. The program includes recruitment, counseling, tutoring, and exam-preparation compo- 
nents designed to educate students and their families about AP programs, boost students' confidence, and 
enhance their chances of success.APTIP has had considerable success in increasing the number of students 
taking and passing AP mathematics and science exams, especially for traditionally underrepresented 
students, including girls, African Americans, and Hispanics. APTIP is now working in 227 participating high 
schools across six states. Among the 65 schools that have participated in the program for the past two 
years, APTIP produced a 98 percent increase in AP mathematics, science, and English (MSE) exams passed; 
a 1 55 percent increase in AP MSE exams passed by African-American and Hispanic students; and a 1 1 6 
percent increase in AP exams passed by female students in mathematics and science. 



189 ' See http://host-collegeboard.com/ap/coursechanges/subject_specific_about_sciences.htm. 

190 ' Michael S. Holstead, Terry E. Spradlin, Margaret E. McGillivray, and Nathan Burroughs. (2010). The Impact of 
Advanced Placement Incentive Programs. Center for Evaluation and Education Policy Education Policy Brief 8(1 ):1 1 2. 

191 ' See C. Dougherty, L. Mellor, S. Jian. (2006). The Relationship Between Advanced Placement and College Graduation. 
National Center for Educational Accountability: 2005 NCEA Study Series, Report 1, Web, 4 May 2010. Accessible at 
http://www.nc4ea.org/files/relationship_between_ap_and_college_graduation_02-09-06.pdf. (Noting that schools 
should use AP exams, not as a special set of courses for their already well-prepared students, but as a comprehensive 
program to prepare large numbers of students, starting in the early grades and including disadvantaged students, to be 
able to do college-level work before they leave high school ); see also K. Klopfenstein. (2004). The Advanced Placement 
Expansion of the 1990s: How Did Traditionally Underserved Students Fare. Education Policy Analysis Archives, 12(68). 
Accessible at http://epaa.asu.edu/epaa/v1 2n68/. (Analyzing the need to increase access to AP classes for traditionally 
underrepresented students). 



★ 104 ★ 




VII. STUDENTS 



The number of US public high school students who pass at least one AP exam in math and 
science (about 220,000 and 190,000, respectively) represents 5-6% of the total number of stu- 
dents in the senior year, 192 while the numbers for minority students (about 1 8,000 and 1 4,000) 
represent less than 2% of the total seniors in public schools for this group. In our recommenda- 
tion below, we propose that the Federal Government should set a goal of doubling the overall 
numbers and tripling the numbers for minority students. 

2. International Baccalaureate. Another option for students to take advanced classes is through 
school programs certified through the International Baccalaureate Organization (IBO). Currently, 
more than 600 schools in the United States offer the IB Diploma Program, a high school course 
of study with rigorous academic standards. Among other requirements, students must take four 
years of a foreign language, complete a Theory of Knowledge class, and take six challenging 
examinations to receive an IBO diploma. 

3. College and online courses. A third option for students seeking to take advanced STEM classes 
is enrollment in courses offered by nearby colleges and in online courses. This maybe particu- 
larly important for students in low-income schools with limited course offerings. For example, 
a program of certified online courses could be offered to students who complete the course 
of study in mathematics, technology, or sciences offered at their school and want to advance 
to higher-level study. 

Such courses differ in quality both in terms of the material taught and the effectiveness of 
instructors. Greater evaluation of these dual-enrollment options would indicate whether they 
work well for students and how best to expand these opportunities. 



RECOMMENDATION 7-2: ADVANCED COURSES 

The Federal Government should take steps to increase substantially the number of students who 
excel in challenging STEM subjects by taking courses that go beyond the standard curriculum. It 
should: 

• Set a goal to double the number of students who take and pass Advanced Placement courses in 
STEM subjects and triple the number of minorities underrepresented in STEM who take and pass 
these courses, within the next 5 years. To help achieve this goal, it should provide support for 
programs with proven ability to support such increases. 

• Support programs to increase the number of students taking and passing other advanced courses, 
such as those offered through the International Baccalaureate program and dual enrollment 
college classes.Provide financial support to high school students who have completed the STEM 
requirements at their high school and wish to take additional courses not available at their schools 
by offering dual enrollment opportunities that allow them to attend a local college or take high- 
quality online courses, provided that they are set up and evaluated properly. 



192 - We note that not only seniors take these AP exams, but nonetheless it provides useful context to observe the 
relatively small percentage of graduating seniors that the students who take and pass AP exams represents. 
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We urge the Department of Education to analyze the funding that would be required to achieve these 
goals. 

The administration requested $100 million in its FY1 1 budget, which the ESEA reauthorization proposal 
would allocate for the college pathways and accelerated learning program. The budget item would be 
for advanced courses in all subjects; the portion to be dedicated toward STEM courses has not been 
specified. Significantly more resources will likely be required to implement this recommendation. 
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CHAPTER SUMMARY 

All schools need connections with the outside world of STEM to demonstrate to their students the vibrancy 
and potential rewards of STEM-related professions. The United States needs many more schools at all levels 
that are focused on STEM subjects, especially in high-poverty neighborhoods. These schools can serve as 
valuable testing grounds for innovative approaches to STEM teaching and learning, and they can provide 
focused experiences in STEM that prepare and inspire students for lifelong study. Even though all schools 
cannot and should not be deeply STEM-focused, all schools should have partners in business, academia, 
or the nonprofit sector that can bring STEM subjects to life for students and help students and teachers 
understand the value of STEM knowledge in the real world. The Federal Government should support the 
creation of at least 1 ,000 STEM-focused schools over the next decade, 200 at the high school level, and 800 
at the middle and elementary school levels. In addition, the Federal Government should use its leadership 
and voice to help ensure that every school has access to STEM expertise by supporting partnerships for 
schools. Finally, the Federal Government should invest in the development of STEM education leaders at 
the school, district, and state levels. 



Introduction 

The dynamic nature of science, technology, engineering, and mathematics — where new advances are 
constantly expanding our knowledge of the physical, biological, and social world — has enormous impli- 
cations for STEM education. By making abundantly clear to students how many discoveries remain to be 
made and the role young people can play in solving important problems, schools and school systems 
can excite and motivate students to learn science and mathematics and to pursue careers in STEM fields. 

To seize these opportunities, teachers and schools must connect students with the dynamic world of 
STEM. In turn, this requires that teachers, schools, and school systems have a deep understanding of 
STEM activities in American society and business and that they maintain direct connections to appropri- 
ate STEM expertise. 

In this section, we discuss several solutions to this challenge, including creating many more specialized 
STEM-focused schools and forging connections between all schools and the STEM community. 



STEM-Focused Schools 

The United States currently has about 1 00 public high schools 193 that make ambitious efforts to focus 
on STEM subjects. These schools create groups of grade school peers with common interest in STEM, 
expose students to advanced STEM content, provide students with opportunities for exploration and 
discovery, connect students to real-world STEM workplaces, and provide role models to students in STEM 

193 ' National Consortium for Specialized Secondary Schools for Mathematics, Science and Technology (personal 
communication, 2010). 
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professions. These schools include charter schools, magnet schools, pull-out programs, and boarding 
schools. They currently enroll about 47,000 students, most at the high school level. 

Among the first STEM-focused public high schools were Stuyvesant High School (founded in 1 904) and 
the Bronx High School of Science (founded in 1938) in New York City. They have trained generations 
of future leaders in STEM. More recent prominent examples and High Tech High (see Box 8-1) in San 
Diego (founded in 2000), the Illinois Mathematics and Science Academy (founded in 1 985) in Aurora, 
Illinois (see Box 8-2), and Thomas Jefferson High School for Science and Technology (founded in 1 985) 
in Alexandria, Virginia (see Box 8-3). Other STEM-focused schools include North Springs Charter High 
School in Atlanta, the New Orleans Charter Science and Math High School, the Delta High School in 
Washington State, and Metro Early College High School in Ohio. The number of STEM-focused schools 
has been growing somewhat in recent years. Some STEM-focused schools have a required entrance 
examination while others have open enrollment. 

Despite this growth, highly-STEM-focused schools remain a rarity in the United States, enrolling fewer 
than 1 student in 1,000. Only 30 states have rigorous schools or programs that recognize and cultivate 
STEM talent. Some states, such as Georgia, New York, Michigan, and Virginia, have a high concentra- 
tion of these programs. Most STEM-focused schools are singular creations, with few attempts to scale 
successful schools. Few programs are directly targeted at underrepresented groups. Furthermore, few 
STEM-focused schools are found at the elementary and middle school levels, even though studies show 
that student interest — or disinterest — in STEM can solidify by middle school. There are a few examples 
of elementary schools with rich STEM connections, such as the NASA Explorer Schools, but we do not 
know enough to know which models work best. 

We need many more examples of STEM-focused schools at all levels, especially those that serve minority 
communities. Given the success of the open enrollment Knowledge is Power Program (KIPP) Schools 
in scaling up highly effective middle schools in minority communities and in improving mathematics 
achievement in this setting, 194 it would be especially exciting to see KIPP-like models of STEM-focused 
schools. Such schools could change attitudes toward STEM and engage much larger numbers of stu- 
dents from underrepresented groups than is the case today. 

STEM-focused elementary schools could also provide a unique opportunity to better connect science 
learning and literacy. Currently, reading and science are generally taught as distinct subject areas, and 
the potential for synergies between the two areas of learning are often overlooked. Science texts can 
enrich and enliven the process of acquiring literacy for many students by tapping into content that is 
current and dynamic. Similarly, literacy can enrich the learning of STEM by helping students formulate 
hypotheses, make sound arguments, keep journals of observation, and access scientific information 
from a variety of sources. 195 Looking for ways that the teaching of reading and writing and the teaching 

194 ' A recent study of 22 KIPP schools showed their potential for success in mathematics education: 18 of the 
schools raised student achievement in mathematics significantly relative to their district counterparts, and, in a three- 
year-period, half of the schools raised students mathematics achievement on state assessments enough, on average, to 
exceed the national norms for student growth by the equivalent of 1.2 years of additional instruction. Tuttle, Christina C, 
et al. (2010). Student Characteristics and Achievement in 22 KIPP Middle Schools: Final Report. Washington, DC: Mathematica 
Policy Research, Inc. Accessible at http://www.mathematica-mpr.com/publications/PDFs/education/KIPP_fnlrpt.pdf. 

195 ' Research pointing to the synergy between science education and literacy was highlighted in the April 23, 2010, 
edition of the journal Science. 
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of science can overlap and be complementary could increase the amount of classroom time devoted 
to each of the subjects, empowering students to access STEM subjects through multiple entry points. 
STEM-focused schools at the primary level could provide a testing ground for this approach and for 
related instructional materials. 

It is difficult to measure the precise impact of STEM-focused schools through formal trials or analyses for 
two reasons. First, STEM-focused schools take many different approaches. Some emphasize traditional 
academic preparation while others, like High Tech High, connect high-level academics to preparation 
for more specific careers. Second, the students who choose to attend these schools are not a random 
sample, and it is hard to identify a suitable control group. The available quantitative studies support the 
notion that STEM-focused schools produce students who take STEM majors in colleges at disproportion- 
ately high rates . 196 And abundant observational data make a compelling case that STEM-focused schools 
have a major impact on their students. In addition to their direct impact on students, STEM-focused 
schools are laboratories for experimenting with creative approaches to STEM education that can have 
a broader impact on U.S. education through the dissemination of ideas, programs, and materials that 
can benefit all students. 



BOX 8-1: HIGH TECH HIGH 

In 2000, a group of civic and high-tech industry leaders came together to launch a new public charter high 
school in San Diego that would train students from the city's diverse ethnic, racial, and socioeconomic com- 
munities to excel in STEM, and in particular to prepare to become high-tech industries' workforce of the 
future. Since 2000, the program has expanded to include five high schools, three middle schools, and one 
elementary school in Southern California, enrolling about 3,500 students. 

High Tech High features up-to-date technology resources and laboratories available to students. It has 
classrooms modeled after high-tech workplaces, where students gather in small groups to collaborate 
on problems. The students do their own innovative, hands-on projects that range from building human- 
powered submarines to studying the ecology of San Diego Bay to making documentaries about how 
medicine moves through the human body. High Tech High fosters connections between its students and 
high-tech workplaces by requiring academic internships at local businesses and research organizations, 
where students learn such skills as web design, video editing, and mobile technology analysis. It also gives 
students opportunities to shadow STEM practitioners in their workplaces throughout high school and to 
find mentors and role models in fields of interest. 

To date, all graduates of High Tech High have been accepted to college. More than 30 percent of High Tech 
High graduates pursue STEM fields in college, compared to national rates around 17 percent. The schools 
also address disparities in STEM achievement: 35 percent of their graduates are first-generation college stu- 
dents, and their African American students outperform their African American peers in California in science 
and mathematics test scores and in taking advanced courses in mathematics, chemistry, and physics. 



196, R. F. Subotnik, H. Robert, R. Rickoff, and J. Almarode. (201 0). Specialized Public High Schools of Science, 
Mathematics and Technology and the STEM Pipeline: What Do We Know Now and What Will We Know in 5 Years? Roeper 
Review 32:7-16. 
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BOX 8-2: ILLINOIS MATHEMATICS AND SCIENCE ACADEMY 

In 1 985, the state of Illinois launched the Illinois Mathematics and Science Academy (IMSA), a STEM- 
focused, public residential school that enrolls 650 high school sophomores, juniors, and seniors. Since then, 
about 65 percent of its nearly 4,000 alumni have pursued degrees in STEM, and its female graduates earn 
STEM degrees at more than three times the national rate among women. In 2009, Intel named IMSA the 
nation's Star Innovator School for its consistent excellence in science education. While most of the school's 
operating budget comes from the state, it also brings in foundation, local, and Federal grants. 

IMSA provides its students, selected by a rigorous application process from among the state's high school 
ninth graders, with rigorous and challenging STEM courses, laboratory experiences, and opportunities to 
solve problems, design technologies, and pursue scientific inquiry outside of classrooms. About half of 
IMSA faculty hold doctoral degrees. 

IMSA students have the opportunity to discover STEM knowledge on their own and to direct their own 
learning. Their initial task when they enroll in the academy is to work with teachers and mentors to design 
a personalized learning program that includes the courses and activities they will pursue. In the Student 
Inquiry and Research Program, a year-long independent study course, IMSA students are paired with 
advisors who are STEM professionals in academia or industry. The students spend one day of each week 
for the academic year pursuing their own investigation, which they ultimately publish and present to the 
school community. Through this program, IMSA students have studied the magnetic qualities of nanopar- 
ticles, infant mortality rates, mercury contamination in Lake Michigan, and models for predicting influenza 
outbreaks. Their projects answer questions in neuroscience, economics, and particle physics, and many win 
national and international awards. 



BOX 8-3:THOMAS JEFFERSON HIGH SCHOOL FOR SCIENCE ANDTECHNOLOGY 

In 1 985, representatives from the Fairfax County Public School System and local businesses teamed up to 
establish the Thomas Jefferson High School for Science and Technology. The school is administered by the 
Fairfax County Public School System and also serves as the Governor's School for Science and Technology 
in Northern Virginia. It enrolls approximately 1 ,800 students in grades 9-1 2 through a highly competitive 
selection process based on students' aptitude for and interest in mathematics and science as well as their 
intellectual curiosity, motivation, and integrity. 

Consistently ranked as one ofthe best high schools in the United States, Thomas Jefferson provides its 
students with rigorous classroom experiences and opportunities to use the school's 1 3 state-of-the-art 
research laboratories. Students are paired with mentors from universities, industry, and government and 
participate in research projects in astrophysics, neuroscience, and microelectronics. Each year, Thomas 
Jefferson students are among the finalists in the prestigious Intel Science Talent Search. Students publish a 
research journal, called TEKNOS, where they publish their peers' research projects. 

During the 2008-09 school year, more than 99 percent of Thomas Jefferson students took Advanced 
Placement courses and more than 99 percent received a score of 3 or higher on the AP exam they took. 
One in every three seniors earns National Merit Semifmalist recognition, placing them in the top 0.5 per- 
cent of all students nationally. 
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Given the tiny number of STEM-focused schools in the United States, it is clear that the Nation would 
benefit from having substantially more STEM-focused schools, with varied approaches and serving 
demographically varied groups. Whatever the optimal number of such schools for the Nation, we are 
far below this level. 

There are many possible approaches to creating STEM-focused schools. They can have varied themes, 
instructional approaches, and partnerships. We need many more experiments with new approaches, 
as well as experiments in scaling up successful approaches. 

The creation of STEM-focused schools is the responsibility of state and local authorities, but the Federal 
Government should vigorously encourage and support such efforts by providing funding and techni- 
cal support. This is particularly important because creating a high-quality STEM-focused school can 
be more expensive than creating a typical school, owing to special programmatic and infrastructural 
needs. Despite their somewhat higher cost, high-quality STEM-focused schools are a superb investment 
in the Nation's future. 



RECOMMENDATION 8-1 . CREATE 1,000 NEW STEM-FOCUSED SCHOOLS 

The Department of Education, in collaboration with the National Science Foundation, should sup- 
port the creation by the states of 200 new highly-STEM-focused schools at the high school level and 
800 STEM-focused elementary and middle schools over the next decade. 

These schools would serve the Nation both through the students they produce and by being testing 
grounds for approaches to STEM-focused education, providing scalable models for STEM-focused 
schools. Particular attention should be paid to creating new types of STEM-focused schools, includ- 
ing those serving minority and high-poverty communities; these schools could play a special role in 
closing the achievement gap in STEM fields. 

The Department of Education and the National Science Foundation should develop a joint plan for 
accomplishing this goal, through funding and technical support. 

To provide resources for state and local authorities seeking to create new schools, the agencies 
also should commission the National Research Council to study current and new options for STEM- 
focused schools. 



We estimate that the Department of Education would need to provide financial support totaling at least 
$10 million per high school and $2 million per middle and elementary school. This support should focus 
on planning, professional development, materials, laboratories, technology, and equipment. Over the 
next decade, the total cost of the program would thus be approximately $360 million per year. 

Some resources could come from existing Federal programs, but additional Federal funds will likely 
be required. It may also be appropriate for States to provide some matching funds. In addition, the 
Federal Government should actively engage the private and philanthropic sectors in the creation of 
new STEM-focused schools. 
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We note that 1 ,000 new STEM-focused schools would constitute only about 1 percent of the 98,000 
public schools in the Nation. There is thus no significant risk that these new schools will drain away a 
significant proportion of the high-quality STEM teachers from other public schools. A more likely out- 
come is that such schools may attract new teachers into the public schools, perhaps including teachers 
from private schools. 



Creating Bridges from Schools to STEM Expertise 

Most schools in the country will not be and should not be STEM-focused schools, but all schools should 
have a direct conduit to STEM expertise. Thriving connections to STEM expertise can bring to life the 
material in textbooks. Such connections can bring teachers into contact with the excitement at the 
cutting edge of science. They can link students with role models who work in STEM careers, counteract- 
ing the stereotypes that keep many students from engaging in STEM subjects. And schools with STEM 
expertise can more readily take advantage of opportunities to turn their communities into laboratories 
for the learning of STEM. 

A variety of programs attempt to bridge the gaps between public schools and the STEM professional 
community, but not all such programs provide teachers and schools with resources that are useful in 
their classrooms. Nonetheless, several programs demonstrate the potential for such connections to 
benefit K-1 2 schools. For example, Teachers Institutes, which began in 1 978 in New Haven and have 
since expanded to cities across the country, pair universities and school districts, allowing teachers 
to identify the topics on which they would like to collaborate. University professors then guide these 
teachers through inquiry-based learning in a STEM subject area. More recently, National Lab Day 
(described in Box 8-4) has linked STEM professionals with K-12 teachers and schools for projects and 
lab experiments using a technology-based matching service similar to that used for online dating. The 
United States is home to more than one million STEM professionals over age 60, many of whom have 
retired and could constitute a vast cadre of volunteers for K-12 schools. It is important that we find way 
to harness these sources of partnership and expertise in a committed, sustained way relevant to K-1 2 
teachers and students. 

Elementary Schools. Elementary teachers face constraints in teaching STEM that include insufficient 
content knowledge and lack of confidence, lack of materials and facilities, and lack of support from their 
schools. 197 We must address these gaps if we hope to engage students at a young age in STEM. Most 
elementary teachers are generalists and are not trained specifically in STEM fields; the subjects can be 
a source of anxiety and lead to avoidance. While it would not be practical for all elementary teachers to 
become STEM experts, primary schools can and should have at least one expert teacher in science and 
one expert teacher in mathematics. Such highly knowledgeable resident STEM experts can serve as 
leaders in their schools, providing expertise and mentoring to their colleagues on howto illustrate and 
animate their subject areas with STEM content. Elementary schools also need critical materials, labs, and 
resources to provide rich opportunities for STEM learning. It should be noted that in some parts of the 
country, middle schools and teachers face the same constraints as do elementary schools and teachers. 



197 ' A. J. Levy, M. M. Pasquale, and L. Marco. (2008). Models of Providing Instruction in the Elementary Grades: A 
Research Agenda to Inform Decision Makers. Science Educator 1 7(2):1 — 1 8. 
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Middle and High Schools. High schools, and most of the Nation's middle schools, typically have 
teachers with some STEM expertise, but these teachers often lack meaningful connections to the STEM 
professional community. Such connections can help schools, teachers, and students explore cutting- 
edge content and real-world applications. Every middle school and high school should have a partner 
in a STEM field, such as a research organization, college, university, museum, zoo, aquaria, or company, 
that can bring STEM subjects to life for students and help teachers and students learn about STEM in 
the workplace. 



BOX 8-4: NATIONAL LAB DAY 

Contrary to its name, National Lab Day (NLD) is not an annual commemorative event but a network of 
scientists, engineers, mathematicians, and educators launched in November 2009. NLD is supported by a 
coalition of STEM organizations, philanthropies, schools, teachers, and the White House. National Lab Day 
is not a one-day event but rather a network of STEM professionals and teachers who want to provide rich 
STEM experiences to students year-round. More than 200 partner organizations pledged to bring STEM 
learning opportunities to students in grades 6 through 1 2, in what the grassroots network's leadership 
dubbed a national barn-raising for hands-on learning. Through a website (www.nationallabday.org) that 
has a matching program similar to those used on online dating websites, the initiative provides a venue for 
teachers who are seeking lab experiments, curriculum ideas, or out-of-classroom experience to find STEM 
professionals who can help. Scientists, technologists, mathematicians, and engineers who register on the 
site are paired with teachers and schools to create experiments, find web resources or technological tools, 
design lesson plans, or provide laboratory or field experiences. Foundations and companies donate to 
support projects that require financial assistance. People who are not teachers or scientists can also help 
broaden the reach of the program by disseminating the requests and projects to their social networks and 
blog and Twitter audiences. The top scientists, educators, and donors are recognized on the website to 
encourage more participation. 

The goal of National Lab Day is to carryout 10,000 hands-on learning projects reaching 1 million students 
by the end of the year. Currently, there are projects underway in all 50 states inside and outside of class- 
rooms. More than 1 ,200 schools are participating, and about 4,000 teachers and about 4,000 scientists have 
registered on the site. On May 1 2, 201 0, a day of recognition was held for National Lab Day. 
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RECOMMENDATION 8-2: CONNECTING SCHOOLS TO STEM 

The Department of Education, working with the National Science Foundation, should help ensure 
that all schools and school systems have access to relevant STEM-expertise by setting a national 
goal, and developing and supporting programs, to ensure that: 

1 . every middle and high school has a STEM partner organization, such as a research organization, 
college or university, or a STEM-based nonprofit or company, to provide direct connections for 
teachers and students to STEM practitioners; 

2. every elementary and middle school has at least two highly knowledgeable STEM expert 
teacher-coaches, one in mathematics and one in science, who can serve as resources for the 
content and teaching of mathematics and science; and 

3. all schools can readily draw on the expertise of volunteer STEM professionals, especially retired 
scientists and engineers. 



The NSF and the Department of Education can begin work toward these goals with existing resources, 
although some additional resources may ultimately be required. In addition, the private and phil- 
anthropic sectors can and should play a critical role in the work of connecting schools to STEM and 
engaging STEM professionals. The Federal Government should systematically engage these sectors, 
potentially through the leadership of such consortia as the recently-formed group, Change the Equation. 

Ensuring that Education Leaders are Knowledgeable about STEM 
Education 

Successful STEM education requires the support of school principals and superintendents, yet these 
leaders often lack an understanding of STEM fields or STEM education. If school leaders had greater 
awareness of these subjects, they would be more likely and more able to cultivate rich STEM learning 
experiences and expertise in their schools. Furthermore, barriers remain in connecting research on 
STEM teaching, learning, and leadership with practice. Developing and implementing mechanisms to 
better connect the research and evaluation world with those charged with leading systemic change 
would be an important reform. 

The Federal Government is uniquely positioned to use agency resources, research capacity, and its 
convening function to help expand STEM knowledge and exposure among school and school district 
leaders. We suggest the following initiatives for consideration: 

Research on leadership development. The NSF should focus research and development to identify 
the knowledge needed by school principals to effectively lead STEM instruction. 

Scale up STEM-focused leadership development programs. The NSF and the Department of 
Education should invest in programs to prepare school leaders to lead STEM schools and to incorporate 
STEM-focused learning into existing leadership development programs (such as the Lenses on Learning 
Program funded by the NSF). A benchmark study that describes the STEM experiences of school leaders 
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both what is required by certification rules and what is true in practice would be a good first step. An 
explicit focus on high school departments and department chairs (the locus of leadership in most high 
schools) would be important. 

STEM leaders conference. The NSF, in conjunction with the Department of Education and the Council of 
Chief State School Officers, should create a series of conferences for state chiefs, state-level STEM leaders, 
and the superintendents and curriculum leaders of the 50 largest school districts. These conferences 
which would ideally convene several times a year would focus on (a) disseminating current research 
about effective STEM programs, (b) analyzing current implementation data from attending states and 
districts to collectively share progress, and (c) soliciting the field for key research questions that need 
to be answered. 

Enhance technical assistance around STEM leadership. With its Race To The Top Program, the 
Department of Education has a unique opportunity to shape state and district system policies and 
programs governing STEM teaching, learning, and leadership for the foreseeable future. The Department 
should invest in systems and mechanisms to move from technical assistance focused on traditional 
compliance and accountability to a strategy focused on increasing capacity. Since Race to the Top 
includes STEM as a competitive priority, there should be a strong focus on STEM within this new techni- 
cal assistance work. 

STEM audits. The Department of Education and NSF should explore how to create an organization 
external to the Federal Government that could provide district-level audits of STEM programs, much 
in the way that companies like Cambridge Education provide this service for schools. These audits or 
inspections would provide objective data to district leaders about the quality and breadth of their STEM 
education programs and ratchet up conversation about how to improve them. 



RECOMMENDATION 8-3: CONNECTING EDUCATION LEADERS WITH BEST 
PRACTICES IN STEM EDUCATION 

The administration should help ensure that every education leader, including school principals, 
district leaders, and state superintendants, has knowledge of the unique issues and best practices in 
achieving excellent STEM education through programs such as those described above. 



We believe that the NSF and the Department of Education can accomplish these goals through existing 
programs, although some additional resources may be required. 
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